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ABSTRACT 
 
The representation of subgrid cloud variability and its impact on radiation has been a 
challenge in general circulation model (GCM) simulations. To improve the representation of 
cloud and radiative variability and their interactions within a GCM grid, it is essential to 
understand subgrid cloud structures and their statistics based on long-term cloud and radiation 
data for various climate regions. In this study, year-long cloud-resolving model (CRM) 
simulations forced with the Atmospheric Radiation Measurement (ARM) large-scale forcing and 
prescribed evolving surface albedo were conducted for the year 2000 to document the 
characteristics of cloud horizontal inhomogeneity and vertical overlap and to evaluate and 
represent their effects on the radiative fluxes and heating rates over a GCM grid. 
The year-long CRM simulations with a prescribed evolving surface albedo allow the 
investigation of the relationship between the surface albedo, cloud and radiation. It was found 
that clouds absorb more shortwave radiation at the cloud base due to a high surface albedo in 
winter, which increases temperature in the low troposphere. This leaded to weaker instability in 
the low troposphere, so that the amount of low-level clouds decreased. For surface albedo greater 
than a critical value of 0.35, the upward shortwave flux at the top of the atmosphere (TOA) is 
positively proportional to the surface albedo when optically thin clouds exist, and is not much 
affected by the reflection from the cloud top. If optically thick clouds occur and the surface 
albedo is greater than the critical value, the upward shortwave flux at the TOA is significantly 
affected by the reflection from of cloud top, but not much affected by the surface albedo. In 
addition, for a surface albedo larger than the critical value, the downward shortwave flux at the 
surface is primarily influenced by the surface albedo and the reflection from the cloud base if 
optically thick clouds occur. However, the downward shortwave flux at the surface is not much 
affected by the surface albedo when optically thin clouds exist because the reflection on the 
cloud base is weak. 
The year-long cloud statistics from the CRM were evaluated against available observational 
data at the ARM SGP site. The CRM was able to represent thick mid-level and stratiform clouds 
in agreement with the observations with overcast and non-precipitating conditions. Both the 
CRM and observations indicated that the height of ice water content maximum in the vertical 
column decreases as the ice water path increases. It was found that the vertical distribution of 
ix 
  
shortwave and longwave radiative heating rates in the troposphere were strongly affected by 
cloud type that was identified by cloud optical depth and vertical location. Compared to the 
observational estimates, the CRM-produced non-precipitating clouds had greater longwave 
cooling in the upper troposphere due to lower altitude of high-level clouds and greater cloud top 
cooling from optically thick mid-level clouds. 
The ARM-validated year-long CRM simulations were used to examine the characteristics of 
cloud horizontal inhomogeneity and vertical overlap and to evaluate and represent their effects 
on the domain mean radiative flux and heating rate. The analysis of an inhomogeneity parameter 
(or reduction factor) defined as a ratio of the logarithmic and linear averages of cloud liquid and 
ice water paths demonstrated that inhomogeneous clouds more frequently appear in summer than 
in winter due to the occurrence of different cloud types dominated between two seasons. A 
parameterization with the reduction factor derived from the year-long CRM simulation captured 
the dominant impact of cloud inhomogeneity on the shortwave and longwave radiative flux and 
heating rate. Diagnostic radiation calculations with three overlap assumptions (i.e., maximum, 
minimum, and random) indicated large biases in the total cloud fractions, domain mean 
shortwave and longwave radiative fluxes, and radiative heating rates when compared to the CRM 
simulations. These results suggest the need for a physically-based parameterization that treats the 
differences of characteristic structure between major cloud types such as convective, anvil and 
stratiform clouds in order to account the radiative effects of subgrid cloud variability on the 
domain means. 
The original mosaic treatment was developed by modifying a GCM radiation scheme to 
incorporate the radiative effects of dominant cloud types including convective, anvil and 
stratiform clouds. It cannot be readily used for different radiation schemes. In this study, a cloud 
distribution scheme was formulated outside of the radiative transfer scheme, so that it can be 
applied to any GCM to include the radiative effects of cloud variability in their radiative transfer 
calculations. The radiation calculation with the cloud distribution scheme improved by the year-
long CRM statistics produced domain mean shortwave and longwave radiative fluxes and 
heating rates comparable to the CRM values in seasonal and annual means, which indicates the 
cloud distribution scheme represents cloud variability in the much the same way as the CRM 
does. 
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CHAPTER 1. INTRODUCTION 
 
Cloud systems play an essential role in general circulation models (GCMs) through their 
direct and indirect feedbacks with atmospheric radiation. Radiative fluxes and heating rates are 
calculated on discrete grid columns using grid-mean values with radiative transfer schemes. 
However, the GCMs cannot accurately represent the effect of clouds on radiative transfer energy 
in the atmosphere (interaction between clouds and atmospheric radiation) because of their coarse 
horizontal resolution of several hundred km spacing. In order to approximate the effect of the 
subgrid spatial and temporal variability of clouds, there has been much effort to incorporate the 
effect into large-scale model simulations using numerous parameterization schemes (e.g., Cess et 
al. 1989; Browning 1994; Fowler et al. 1996; Jabouille et al. 1996; Barker and Räisänen 2005; 
Räisänen et al. 2007). The radiation parameterizations are very sensitive to the spatial and 
temporal distribution of cloud systems (Webster and Stephens 1984; Ramanathan et al. 1989; 
Kiehl et al. 1994). Especially, the horizontal and vertical distributions of clouds and their 
microphysical properties strongly affect the radiative energy budgets in those models (Manabe 
and Strickler 1964; Geleyn and Hollingsworth 1979; Stephens 1984; Cahalan et al. 1994; Liang 
and Wang 1997; Morcrette and Jakob 2000; Li et al. 2005; Barker and Räisänen 2005; Tompkins 
and Giuseppe 2007; Gustafson et al. 2007). In most current large-scale models some overlap 
assumptions are applied to instantaneous profiles of domain-averaged cloud properties to infer 
subgrid-scale structure. These cloud properties include the portion of each grid box occupied by 
cloud (i.e., cloud fraction) and the mean liquid and ice condensate. The large-scale models have 
typically used one of three simple assumptions: random, maximum and maximum-random 
(Geleyn and Hollingsworth 1979; Liang and Wang 1997; Morcrette and Jakob 2000; Collins 
2001; Stephens et al. 2004). Since these cloud vertical overlap assumptions can predict only the 
mean value of cloud properties in each model grid, the models are subject to significantly large 
biases in convective and radiative processes. The biases caused by unresolved subgrid-scale 
inhomogeneity appear to be one of the major reasons that GCMs need to be tuned. Therefore, 
GCMs do not explicitly specify vertical geometric associations and horizontal inhomogeneity of 
clouds. As a result, the effects of vertical overlap and horizontal inhomogeneity of clouds are not 
properly represented in GCMs yet since most cloud overlap methods in large-scale models are 
not physically consistent or are empirical without rigorous evaluation, and some methods 
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produce intolerable errors in calculating grid-mean fluxes (Stephens et al. 2004). Furthermore, 
recently obtained long-term radar records indicate that clouds are less vertically coherent than 
the maximum-random assumption implies. These observations suggest that cloud occurrence 
within vertically continuous cloud layers decays inverse-exponentially from maximum to 
random overlap as the vertical distance separating cloud layers increases, with a scale length of 
several kilometers (Hogan and Illingworth 2000; Mace and Benson-Troth 2002). These studies 
suggest that only the single cloud overlap assumption cannot be properly applied in a large-scale 
model. This may mean that the cloud overlap should be parameterized using statistics of 
synoptic-scale characteristics that describe the cloud formation. The parameterization of cloud 
vertical and horizontal distribution in GCMs is still a key issue because of the lack of available 
observations for assessing the parameterization in the models and the lack of comprehensive 
understanding of the effects of cloud systems and their feedback with convective and radiative 
processes that may offer information on the effects of subgrid cloud variability and 
corresponding cloud-radiation interaction. 
Cloud-resolving models (CRMs) have been recognized as a powerful tool to examine cloud 
systems over various different climate regions and under various large-scale conditions. CRMs 
could represent a reasonably realistic ensemble of clouds and statistical properties of cloud 
systems with large-scale vertical velocity or the large-scale horizontal and vertical advection, and 
have also been used to investigate convective systems, cloud properties and their radiative effects 
(e.g., Soong and Ogura 1980; Soong and Tao 1980; Krueger 1988; Xu et al. 1992; Wu and 
Moncrieff 1996; Grabowski et al. 1996; Wu et al. 1998, 1999, 2007; Wu and Moncrieff 2001). 
The CRM simulations have been assessed with various observations in terms of atmospheric 
thermodynamic properties, atmospheric radiation, precipitation, and surface fluxes in the tropics 
during the Global Atmospheric Research Program Atlantic Tropical Experiment (GATE) (e.g., 
Xu and Randall 1996; Grabowski et al. 1996), Tropical Ocean Global Atmosphere Coupled 
Ocean Atmosphere Response Experiment (TOGA COARE) (e.g., Wu et al. 1998; Li et al. 1999; 
Wu and Moncrieff 2001), and ARM (e.g., Xu et al. 2002; Wu et al. 2007, 2008). 
Grabowski et al. (1996, 1998, 1999) conducted 2-dimensional (2D) and 3-dimensional (3D) 
CRM simulations with evolving large-scale forcing and evolving horizontal wind fields during 
phase III of GATE and showed that various types of clouds can be well represented by the CRM, 
and that low-resolution 2D CRM can be used in the climate problem and for improving and 
3 
  
testing cloud parameterization for GCMs. They also investigated the effects of cloud 
microphysics on the convective tropical atmosphere by performing several numerical 
experiments with extreme changes in cloud microphysics. Another 2D CRM simulation was 
performed during TOGA COARE to quantify the collective effects of cloud systems, to improve 
the simulation of cloud fields through demonstrating the effects of ice phase processes on cloud-
radiation interaction, and to examine the effects of cloud systems on radiative energy budgets at 
the surface and top of the atmosphere (TOA) (Wu et al. 1998, 1999; Wu and Moncrieff 2001). 
Wu and Moncrieff (2001) showed that CRM-simulated energy budgets are in good agreement 
with observations, while the corresponding quantities derived from a single-column model (SCM) 
have large biases during TOGA COARE. They also explained that the CRM is able to represent 
cumulus convection explicitly, including its mesoscale organization, and produce vertical and 
horizontal distributions of cloud condensate that interact much more realistically with radiation 
than those in the SCM. The CRM simulation is also used to investigate the vertical transport of 
horizontal momentum and the role of a convection-generated perturbation pressure field (Zhang 
and Wu 2003). Tao et al. (2004) simulated a 2D CRM to examine the atmospheric energy budget 
and large-scale precipitation efficiency of various convective systems in east Atlantic, west 
Pacific, South China Sea, and SGP and found that for the cloud systems developed over a 
midlatitude continent, the net radiative and surface heat fluxes play a much more important role 
than those in tropics. Wu and Liang (2005) quantitatively revealed the horizontal inhomogeneity 
and vertical overlap effects of clouds on radiative fluxes over a 30-day period during TOGA 
COARE conducting a CRM simulation and found that both horizontal and vertical distribution 
effects of clouds are equivalently important to obtain more realistic radiative fluxes and heating 
rates. They also suggested an objective procedure to evaluate the parameterization for subgrid 
cloud-radiation interactions in a GCM using the CRM simulation. Xie et al. (2005) found that 
SCMs usually have very significant biases due to the lack of subgrid-scale dynamical structure 
and organized mesoscale hydrometeor advections while the CRM-simulated cloud properties are 
very comparable with observations, through evaluating nine SCM and four CRM simulations 
during the spring 2000 ARM IOP at the SGP site. Wu and Guimond (2006) conducted 2D and 
3D CRM simulations to quantify the enhancement of surface heat fluxes by tropical precipitating 
cloud systems for 20 days during TOGA COARE and suggested that subgrid processes (e.g., the 
mesoscale enhancement of surface heat fluxes) is imperative to incorporate into GCMs.  
4 
  
Blossey et al. (2007) compared the simulated cloud properties from a 3D CRM with 
observations over Kwajalein Experiment (KWAJEX) and tested the model’s sensitivities on 
microphysics, radiation scheme, effective radii, surface forcing, and domain and grid size of the 
model. They showed that the amount and optical depth of high cloud are underpredicted by the 
model during less rainy periods, leading to excessive outgoing longwave radiation, and the 
simulated high clouds are precipitating large hydrometeors too efficiently. Ping et al. (2007) 
performed three 2D CRM simulations to investigate the microphysical and radiative effects of 
ice clouds on tropical equilibrium states and found that the ice radiative effects on 
thermodynamic equilibrium states are stronger than the ice microphysical effects. Wu et al. (2007) 
simulated a CRM for the 1997 ARM IOP over SGP site to provide physically consistent long-
term data together with observations, which facilitates quantifying the effects of subgrid cloud-
radiation interactions in GCMs. They also compared the cloud systems in TOGA COARE and 
those in ARM SGP and then showed that the CRM-produced cloud distributions in the two 
different regions are very different because of the different large-scale forcing and surface heat 
fluxes, but the subgrid cloud variability has similar effect on radiative fluxes and heating rates in 
the tropics and midlatitude continent. Recently, the convection and cloud parameterization 
schemes in GCMs have been replaced by CRMs to explicitly simulate the interaction among 
convection, clouds, radiation and large-scale circulation (e.g., Grabowski 2001, 2004; Randall et 
al. 2003; Khairoutdinov et al. 2005; Wyant et al. 2006). Also, as a global CRM, a Nonhydrostatic 
Icosahedral Atmospheric Model (NICAM) has been developed to investigate cloud-scale 
phenomena explicitly interacting with large-scale circulation such as monsoon-related convective 
activity and Madden-Julian Oscillation (Tomita and Satoh 2004; Tomita et al. 2005; Miura et al. 
2005, 2007; Sato et al. 2007). 
The previous CRM studies were limited in their simulating time, for instance only a few 
days, weeks or months. The products from the shortly integrated simulations cannot necessarily 
generalize the clouds’ characteristics and their interaction with atmospheric radiation in various 
climate regions. In fact, the available large-scale forcing data were limited only in several short 
field experiments such as GATE, TOGA CORAE and ARM IOPs to simulate CRMs long enough 
to consider general characteristics of clouds. Recently, the ARM program has been producing 
long-term cloud macroscopic properties (e.g., cloud top and base height and fraction) and 
microphysical properties (e.g., liquid and ice content) of clouds and corresponding radiative 
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fluxes using active and passive remote sensing instruments at the ground and from satellites. For 
example, a long-term (8 years) cloud data set including atmospheric thermodynamic, cloud and 
radiative properties for the ARM SGP site were produced by Mace et al. (2006) and Mace and 
Benson (2008) using the column physical characterization (CPC) technique. The CPC data set 
contains various macroscopic and microphysical cloud properties such as the height, pressure 
and temperature of cloud base and top, cloud fraction profile, visible optical depth, cloud 
thickness, and cloud liquid and ice water content. Another data set, MICROBASE (Miller et al. 
2003) data over the ARM SGP, is also available from the ARM website. This data set was 
retrieved by a combination of observations from a millimeter cloud radar (MMCR), laser 
ceilometer, micropulse lidar (MPL), the microwave radiometer (MWR) and a merged 
thermodynamic profile to estimate the profiles of liquid and ice water content, cloud fraction and 
effective radius of cloud particles. Moreover, multi-year forcing data over the ARM SGP site 
were constructed using the mesoscale analysis and the ARM measurements at the ground and 
from satellites (Xie et al. 2004). This longer large-scale forcing data allow the longer integration 
of CRMs to provide generalized seasonal characteristics of clouds and their interaction with 
radiative properties. 
Recently, Wu et al (2008) conducted a year-long Iowa State University (ISU) CRM 
simulation using the large-scale forcing over ARM SGP during year 2000 to investigate the 
seasonal variation of radiative and cloud properties. The year-long simulation provides a 
physically consistent long-term dataset for understanding the processes of convection, cloud and 
radiation and the interaction among them. However, large discrepancies of net shortwave (SW) 
flux between the CRM and observations at the surface were presented in winter time due to the 
use of fixed surface albedo. If realistically evolving surface albedo is used in the CRM, the 
discrepancies could be reduced, and also the more realistic long-term CRM dataset could be used 
to quantify seasonal and spatial characteristics of cloud systems over the ARM SGP. 
Therefore, the hypotheses in this dissertation are as follows. First, seasonal and spatial 
variations of cloud systems over the central US can be simulated and quantified by the CRM 
integration. Second, long-term CRM simulations could provide a robust cloud-scale data for 
investigating the cloud ensemble effects and their relationship with the large-scale conditions. 
Third, subgrid cloud distributions and their radiative effects can be represented by the mosaic 
approach for the application in GCMs. In the next chapter, the ISUCRM and large-scale forcing 
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data are introduced. In chapter 3, the effects of surface albedo on cloud and radiative properties 
are investigated using the year-long CRM simulation with the prescribed evolving surface albedo. 
In chapter 4, statistical analysis of year-long cloud and radiative properties is performed to 
characterize cloud types and their impacts on radiation. In chapter 5, subgrid cloud variability in 
the CRM is examined in terms of cloud horizontal and vertical distributions. Chapter 6 shows the 
mosaic approach for subgrid cloud distribution and evaluation with the year-long CRM 
simulations. General conclusion is given in chapter 7. 
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CHAPTER 2. METHODOLOGY 
 
1. ISU Cloud-Resolving Model 
The ISUCRM used in this study is originally from the 2D version of the Clark-Hall 
anelastic cloud model (Clark et al. 1996) that has the imposed large-scale forcing and the 
modified physical processes significant for the long-term simulations of cloud systems 
(Grabowski et al. 1996; Wu et al. 1998, 1999, 2007; Wu and Moncrieff 2001). The Kessler (1969) 
bulk warm rain parameterization and the Koenig and Murray (1976) bulk ice parameterization 
are adopted in the microphysical processes of the model. The ice parameterization products two 
types of ice particles; type-A ice represents slowly falling and low-density ice such as unrimed or 
slightly rimed particles, and type-B ice is relatively fast-falling and high-density ice such as 
graupel. Each type of ice is represented by two variables (i.e., mixing ratio and number 
concentration). For the radiative transfer calculation, the radiation scheme of the NCAR 
Community Climate Model (CCM) (Kiehl et al. 1996) is imposed with the use of binary liquid 
and type-A ice clouds which have effective radii of 10 and 30 ㎛, respectively. The first-order 
eddy diffusion method of Smagorinsky (1963) is also applied to parameterize the subgrid-scale 
mixing. Periodic lateral boundary conditions are adopted to facilitate a mathematically consistent 
CRM framework (Grabowski et al. 1996). Free-slip, rigid bottom and top boundary conditions 
are applied with a gravity wave absorber between 16 km and the model top. In order to distribute 
the surface heat fluxes, a nonlocal vertical diffusion scheme (Troen and Mahrt 1986; Holtslag 
and Moeng 1991; Hong and Pan 1996) is used within the boundary layer. The ISUCRM uses a 
2D east-west 600 km horizontal and 40km vertical domain. The horizontal grid size is 3 km and 
the vertical grid of 52 levels is 100 m at the surface, 550-850 m between 5 and 12 km, and 1500 
m at the model top. The simulation time step is 15 s. The model setting of the year-long (i.e., 
January 3-December 31, 2000) CRM simulation is basically the same as the CRM simulation by 
Wu et al. (2008). The year-long CRM simulation is forced by the evolving temperature and 
moisture forcing which is kept constant for an hour around the observed time. The domain-
averaged wind at each time step is relaxed using a 2-hour time scale to the observed wind. The 
CRM uses the prescribed evolving surface sensible and latent heat fluxes from observations. The 
observed wind and surface heat fluxes are interpolated into each model time step. The observed 
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evolving surface temperature is used to calculate the surface upward longwave radiative flux. 
Originally, the surface albedo for direct and diffuse incident solar radiation is set to 0.05 and 0.25 
for two spectral intervals, 0.2-0.7 µm and 0.7-0.5 µm, respectively. The constant surface albedo 
is replaced with the prescribed evolving surface albedo for new CRM simulation in the next 
chapter. Hereafter, the CRM simulation by Wu et al. (2008) is referred to as Y0 and the new one 
is referred to as Y1. The radiative fluxes and heating rate are computed every 300 s and applied 
at intermediate times. Random perturbations are added to the temperature (0.1 K) and moisture 
(0.1 g kg-1) fields across the 2D domain (vanishing when averaged over the domain) within the 
boundary layer every 15 m for the convection initiation. 
 
2. Large-scale forcing data 
The year-long hourly large-scale forcing data were constructed using the variational 
analysis of NWP model-produced fields constrained by surface and TOA observations over the 
ARM SGP site including precipitation, latent and sensible heat fluxes and radiative fluxes (Xie et 
al. 2004). The time evolution of vertically-integrated daily temperature and moisture forcing over 
the ARM SGP site during the year 2000 is shown in Fig. 1. There is an obvious seasonal 
variation of temperature forcing with stronger advective cooling (negative values in Fig.1a) in 
summer and spring, and weaker advective cooling in winter and fall. The stronger advective 
cooling is generally correspondent with the stronger advective moistening (positive values in 
Fig.1b). Figure 2 further presents the seasonal variation of the vertical distribution of temperature 
and moisture forcing. Large cooling is located between 4 and 10 km with a peak around 7 km in 
summer and spring, while the cooling is smaller in autumn with virtually no tropospheric cooling 
in winter (Fig.2a). Advective moistening exists above 1 km in spring, autumn and winter but 
above 2 km in summer (Fig.2b). The large advective drying below 2 km in summer is largely due 
to the drying occurring during August. Winter has the smallest moistening while other seasons 
have the peaks of moistening at different levels (3, 4 and 5 km for autumn, summer and spring, 
respectively).  
Figure 3 presents the seasonally-averaged zonal and meridional components of horizontal 
wind. Through the four seasons, westerly wind is dominant with peaks around 11 and 12 km 
(Fig.3a). Winter has the strongest vertical wind shear (35 m s-1 over 12 km), while summer has 
the weakest shear (10 m s-1 over 12 km). The profiles of meridional wind (Fig.3b) indicate 
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southerly peaks around 0.5 and 0.8 km through four seasons. Northerly wind prevails in winter, 
while the southerly is dominant in autumn. The strongest vertical shear of meridional wind 
occurs between 1 and 4 km in summer. Figure 4 illustrates the year-long evolution of daily 
observed surface sensible and latent heat fluxes. Winter has the smallest sensible and latent 
fluxes of about 20 W m-2. In summer, latent fluxes have the maximum with a mean of 104 W m-
2
, which is more than double of sensible fluxes (i.e., 47 W m-2). 
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CHAPTER 3. EFFECTS OF SURFACE ALBEDO 
 
1. Introduction 
Surface albedo plays an essential role in determining the energy budget at the surface and 
the top of the atmosphere (TOA). Most albedo-related studies have focused on snow-albedo 
feedback and its impacts on climate sensitivity in general circulation model (GCM) simulations 
(Schneider and Dickinson 1974; Randall et al. 1994; Hall 2004; Winton 2006; Qu and Hall 2007). 
In addition, studies have been conducted over the high latitude regions such as Alaska, 
Greenland and the other Arctic and Antarctic regions in order to examine the effects of surface 
albedo and clouds on ultraviolet (UV) radiation through comparing snow-covered and snow-free 
area and to quantify its temporal and spatial characteristics (Baker and Ruschy 1989; Stamnes et 
al. 1990; McKenzie et al. 1998; Kylling et al. 2000). For instance, Huber et al. (2004) quantified 
the effect of horizontal inhomogeneity of surface albedo on diffuse UV radiation at High Alpine 
Research Station in Jungfraujoch, Switzerland using a discrete ordinate radiative transfer model. 
There have also been some studies on the desert albedo using satellite data. Tsvetsinskaya et al. 
(2002) reported that satellite data have convincingly shown the considerable spatial variation of 
desert albedo by analyzing the Moderate Resolution Imaging Spectroradiometer (MODIS) 
retrievals. Wang et al. (2005) also found bare soil albedo is not only a function of soil color and 
moisture, but also solar zenith angle (SZA) using the MODIS Bidirectional Reflectance 
Distribution Function (BRDF) and albedo data over thirty desert regions. 
Those previous studies have usually more focused on the effects on UV radiation rather than 
the relationship between surface albedo and clouds. Nichol et al. (2003), however, showed that a 
great amount of surface albedo can moderate the attenuation of UV radiation by cloud through 
the multiple scattering between the cloud base and the surface in the high latitudes. Shupe and 
Intrieri (2004) also examined the relationship between surface albedo and cloud radiative forcing 
over an Arctic region using the cloud and radiation dataset from the Surface Heat Budget of the 
Arctic (SHEBA) program. For middle latitude cases, some research groups have investigated 
various surface albedo-related phenomena. Grant et al. (2000) examined the dependence of clear-
sky albedo on SZA by observing daily variation of surface albedo at Uardry in southeastern 
Australia. Considering the impact of observed surface albedo over the Department of Energy’s 
Atmospheric Radiation Measurement Program (ARM) Southern Great Plains (SGP) during two 
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winter seasons, Dong (2005) improved a parameterization for low-level cloud properties. The 
parameterization was able to represent the effect of surface albedo on the stratus cloud 
microphysical and radiative properties. Duchon and Hamm (2006), analyzing observed daily 
broad band surface albedo over the ARM SGP for two years (1998 and 1999), reported that there 
is obvious horizontal inhomogeneity of surface albedo among the six observational ground 
stations, and surface albedo over bare soil is significantly affected by precipitation but vegetated 
surfaces are not strongly affected. They also found that on an overcast day surface albedo tends 
to decrease. Yang et al. (2006) used direct and diffuse surface albedo produced from ARM SGP 
and Tropical Western Pacific (TWP) sites during 1997-2004 to evaluate the parameterization of 
the dependence of surface albedo on SZA used by the National Centers for Environmental 
Prediction (NCEP) Global Forecast Systems (GFS) and those derived by a satellite observation. 
Recently, Yang et al. (2008) showed the dependence of snow-free surface albedo on SZA using 
the surface albedo data obtained from nine measurement stations whose surface types and 
locations are very different from each other during 1997-2005. 
Recently, a year-long CRM simulation was conducted over ARM SGP during the year 2000 
by Wu et al. (2008) to investigate the seasonal variation of radiative and cloud properties. The 
year-long simulation provides a physically consistent long-term dataset for understanding the 
processes of convection, cloud and radiation and the interaction among them. However, large 
discrepancy of net shortwave (SW) flux between the CRM and observation at the surface is 
present in winter time due to the use of fixed surface albedo. 
The relationship between the surface albedo, radiative fluxes and cloud properties cannot be 
investigated with the CRM using the fixed surface albedo. If the surface albedo in the CRM is 
varied diurnally and seasonally, the relationship would be revealed. In this study, a year-long 
simulation is performed over the ARM SGP site during the year 2000 using the Iowa State 
University (ISU) CRM with the prescribed evolving surface albedo from the ARM observational 
estimates. The objectives of this chapter are 1) to examine the effects of the evolving surface 
albedo on the CRM simulation and 2) to investigate the relationship between the surface albedo, 
cloud properties and radiative fluxes. 
 
2. Prescribed evolving surface albedo 
In order to adopt the prescribed evolving surface albedo, at first, hourly observational 
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albedo is calculated as the ratio of upward SW flux to downward SW flux at the surface. Since 
the CRM uses surface albedos of direct and diffuse incident radiation for two spectral intervals in 
radiative transfer calculation, the broadband surface albedo (AB) is decomposed into two parts 
for wavelength 0.2-0.7 micrometers (AS) and 0.7-5.0 micrometers (AL), respectively. When AB 
is equal to or smaller than 0.21 the ratios of AS/AB and AL/AB are set to 0.19 and 0.81, 
respectively (Briegleb 1992). When AB is equal to 1.0, AB is equally divided between AS and 
AL so that, in the albedo range from 0.21 to 1.0, AS/AB and AL/AB are linearly increased and 
decreased, respectively, until AB = 1.0. The separation of surface albedo into AS and AL might 
be inappropriate in certain conditions, since the surface albedo has strong dependence on solar 
zenith angle, soil type, soil moisture and vegetation type (Liang et al. 2005). The prescribed 
surface albedo is imposed in the computation of radiative fluxes and heating rates every 300 
seconds. The difference of surface albedo between the two CRM runs is showed in Fig. 5 in 
terms of seasonal change of diurnal variation. The albedo of Y0 (Wu et al. 2008) is almost 
constant as 0.15 during daytime throughout four seasons, while that of Y1 has distinct diurnal 
variation and also has relatively much greater values in the winter. The surface albedo 
differences between Y0 and Y1 are about 0.05 in the spring, summer and fall and 0.15 in the 
winter, respectively. Because of snow-covered periods, the standard deviations in winter are 
relatively larger than the other seasons. Usually the early morning and late afternoon albedo is 
greater than the other period during the daytime, and the early morning albedo is slightly greater 
than late afternoon albedo. This asymmetry is mainly caused by the direct beam albedo (Yang et 
al. 2008), and is possibly due to the dew effect in the early morning (Minnis et al. 1997). 
 
3. CRM-simulated radiative and cloud properties 
The general characteristics of radiative fluxes and cloud properties from the CRM were 
shown by Wu et al. (2008) with the constant surface albedo. In this section, the major effects of 
the prescribed evolving surface albedo on radiative and cloud properties are shown in the annual 
and seasonal aspects. 
The annual and seasonal means and standard deviations of net longwave (LW) and SW 
radiative fluxes at TOA and the surface from Y1 and observations are listed in Table 1. The net 
flux is defined as the downward minus upward fluxes. The observed TOA LW and SW fluxes are 
derived from GOES (Minnis et al. 1995). The CRM-produced annual mean LW is close to the 
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observed LW at TOA with the difference of less than 1 W m-2 and at the surface with the 
difference of less than 6 W m-2. For the seasonal means, the differences of LW between Y1 and 
observations are within 7 W m-2 at TOA and within 11 W m-2 at the surface. The differences of 
the annual mean SW flux between Y1 and observations are less than 8 W m-2 at TOA and the 
surface. The use of prescribed surface albedo in Y1 makes winter time SW flux be much more 
comparable with observations. The difference from the observations is about 3 W m-2 at the 
surface in winter.  However, the discrepancies of SW radiative budgets of annual and the other 
seasons between the CRM and observations are not negligible. The uncertainty in obtaining the 
area mean surface SW flux from 22 stations may be partly responsible for those discrepancies (Li 
et al. 2002). The albedo difference in winter is important because there are many low level 
clouds over ARM SGP in the winter of the year 2000 (Wu et al. 2008). Table 2 lists annual and 
seasonal means and standard deviation of upward and downward fluxes of SW and LW based on 
daily averaged values. At the surface, downward and upward LW budgets are very similar 
between Y1 and observations with the differences of less than 2 W m-2 throughout the whole year, 
and upward SW flux budgets of Y1 are also very close to the observations due to the use of 
prescribed evolving surface albedo. However, the differences of downward SW flux between Y1 
and observations are large at the surface. Especially, upward SW fluxes at the surface from Y1 
are close to observations. Annual means of Y1 and observation are 42.2 and 40.5 W m-2, and 
winter means are 35.3 and 32.4 W m-2, respectively. Since the solar insolation at TOA and the 
surface are usually much greater in summer than the other seasons, despite the relatively small 
albedo difference of 0.05 between Y0 and Y1, the corresponding effect on SW flux is very large. 
For example, the summer mean solar insolation is 458 W m-2 and the winter mean is 214 W m-2 
at TOA, and the mean surface albedo differences are 0.05 and 0.15 in summer and winter. 
However, the corresponding differences in net SW flux are about 10 W m-2 and 12 W m-2 in 
summer and winter, respectively. Therefore, surface albedo effect on SW radiative budget 
depends on the intensity of solar insolation at TOA through the entire year. 
The primary difference in radiative flux between Y1 and Y0 is revealed in upward 
shortwave (SWUP) flux at the surface as shown in Fig. 6. This figure indicates the daily 
variation of SWUP from Y0 and Y1 at the surface and differences from observations. Since the 
surface albedo of Y1 is usually greater than that of Y0, the SWUP of Y1 is generally greater than 
that of Y0 throughout the entire year. Especially, the winter values of Y1 are much larger when 
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snow-cover exists on the SGP site. The differences between Y0 and observations are usually 
large; the SWUP from Y0 is much smaller than that from observations in January, February, 
September and December. The SWUP of Y1 is much improved during those periods. 
Comparison Y1 with Y0 in terms of cloud properties such as liquid water path (LWP) and 
ice water path (IWP) gives insight to the effect of surface albedo difference on cloud fields. The 
albedo effect on cloud systems might be an indirect process by which convection and 
temperature and moisture field could be varied after the change of radiative fluxes. Because of 
the prescribed surface heat fluxes, the surface albedo effects on cloud systems could be 
underestimated in this study. Figure 7 shows seasonally averaged diurnal variation of vertically 
integrated LWP and IWP from Y0 and Y1 based on hourly averaged values. The differences 
between the two simulations are also showed. In the spring, Y1 has usually a greater amount of 
clouds at night, for instance 20-5 local standard time (LST), about 5 g m-2 and 20 g m-2 more in 
LWP and IWP respectively, while Y1 has fewer clouds just before sunset, but daytime cloud 
amounts of Y1 are comparable with Y0. However, in the summer, Y1 has usually fewer clouds 
during the nighttime (19-3 LST, about 5 g m-2 and 10 g m-2 less in LWP and IWP respectively) 
and greater clouds in the morning (7-11 LST). Y1 also has slightly greater clouds before sunset 
in the summer. In the fall, Y1 cloud systems tend to have larger LWP (3 g m-2 more) and IWP (5 
g m-2 more) than Y0 in the evening (15-23 LST). Through the entire day, Y1 clouds have about 2 
g m-2 lesser LWP in the winter, but the amount of IWP of Y1 is almost comparable to Y0 except 
3, 20 and 22 LST. The discrepancy between Y0 and Y1 in the winter is primarily caused by the 
great difference (0.15) in surface albedo between the two runs, which will be discussed in the 
next section. 
 
4. Surface albedo effects 
In addition to the annual and seasonal analyses of the year-long ISUCRM simulation with 
the prescribed evolving surface albedo in radiative fluxes and cloud properties, further analyzing 
the production from the CRM allows the quantification of effects of surface albedo on radiative 
fluxes and cloud properties. 
 
a. Surface albedo effects on cloud properties and radiative fluxes 
As shown in the previous section, the major surface albedo impact reveals usually in winter 
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time. From the CRM simulation, only 7 days are found as meaningful cases with large clouds 
(i.e., the sum of LWP and IWP is greater than 100 g m-2) and great surface albedos (i.e., greater 
than 0.4) in the winter of the year 2000. However, most cases (6 cases) have their major events in 
the night and only one case occurs in daytime. From the case study during the daytime, the 
relationship among the surface albedo, radiative fluxes and cloud properties can be investigated 
when surface albedo is very high and cloud amount is very large. Figure 8 shows the case during 
27-29 January, 2000 based on hourly mean values. Downward SW flux at TOA (i.e., solar 
insolation) and upward longwave (LWUP) flux at the surface from Y1 must be same as those 
from Y0, because incoming solar radiation should be equivalent and the prescribed surface heat 
fluxes are same in the two simulations. During this period, surface albedo of Y1 is much greater 
than that of Y0 because the surface is covered by snow, and the difference of surface albedo 
between the two simulations is about 0.6. At TOA, the SWUP of Y1 should be larger than that of 
Y0 as 28th and 29th cases due to the surface albedo differences. However, the SWUP fluxes at 
TOA on 27th from both simulations are almost equivalent each other in spite of the great surface 
albedo difference. That is primarily caused by the occurrence of clouds (Figs. 8h and i) reflecting 
SW flux from the cloud top. The SWDN fluxes at the surface are smaller on the 27th because of 
absorption by clouds, while the fluxes on the other days are large in the two simulations, as 
expected. However, SWUP at the surface from Y1 is much larger than that from Y0 due to the 
great reflection from the surface. Considering Figs. 8d, e, h and i, it is noticed that SWDN at the 
surface can be affected by the cloud bottom reflection of SW flux coming from the surface. 
Therefore, the SW radiative flux is affected by surface albedo together with cloud through the 
reflection on cloud top and base. Besides in terms of LW flux (Figs. 8c and f), LWUP at TOA 
and LWDN at the surface are also different between the two simulations when clouds exist (Figs. 
8h and i). 
Since we are interested in the surface albedo effect on clouds, only daytime (i.e., 13-23 
UTC) variations of the surface albedo and cloud properties are considered. During the daytime 
on 27th, IWP and LWP of Y1 are usually smaller than those of Y0 (the large IWP and LWP of Y1 
in the early morning, before sunrise, will be discussed later). Unlike the variation of LWP in Y0, 
that of Y1 is dramatically decreased from the morning to late afternoon. The possible reason is 
that because of greater surface albedo in Y1 simulation, the heating of the lower troposphere is 
increased due to additional absorption of SW radiation by water vapor and clouds, so that 
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temperature is increased (Fig. 9a). During the daytime (16 and 21 UTC), the potential 
temperature of Y1 is larger than Y0 in the lower troposphere. The change of temperature profile 
leads to the change of temperature lapse rate. Figure 9b shows the vertical profiles of lapse rate 
(i.e., dT/dz) differences between the two simulations at 12, 16 and 21 UTC. During the daytime 
(16 and 21 UTC), the lapse rates in the lower troposphere are much smaller (-0.3 and -0.7 oC km-
1) in Y1, which leads to fewer clouds in Y1 simulation. Figure 10 illustrates the vertical profiles 
of cloud liquid and ice mixing ratios at two points in the daytime. The cloud graupel and rain 
water mixing ratios are very small in this period. The amount of ice clouds is much fewer in Y1 
and liquid clouds of Y1 are also decreased from 16 to 21 UTC. The great amounts of IWP and 
LWP in the early morning could be explained by the greater lapse rate (+0.9 oC km-1) in the 
lower troposphere before sunrise (Fig. 9, 12 UTC). Since Y1 has fewer liquid and ice cloud 
particles during most of the daytime, the corresponding changes of radiative heating rates are 
also similar between at 16 and 21 UTC (Fig. 10). There are less LW radiative cooling around 
cloud top, more cooling inside clouds and more cloud base heating due to the weaker blocking of 
LW flux from the surface, while there are more SW radiative cooling due to the less reflection on 
the cloud top and more heating inside clouds because of more incoming SW radiation. Thus, the 
large surface albedo induced less clouds result in net radiative heating in the upper and lower 
troposphere and net radiative cooling in the middle troposphere in winter. Because of the fewer 
clouds during the daytime, the LWUP from the surface is less blocked by the clouds thereby 
slightly increasing LWUP at TOA. The fewer clouds cause less LWDN from the cloud base and 
then LWDN at the surface is decreased. As shown in Fig. 8, 9 and 10, surface albedo affects not 
only SW flux budget, but also cloud systems via influencing temperature and instability in the 
lower troposphere, thereby affecting LW flux as well. However, the surface albedo effect on 
cloud properties cannot be generalized with one case study. Usually in other cases in winter, the 
effect on clouds is small. 
Cloud radiative forcing (CF) on SW and LW fluxes could be used to examine those 
processes among cloud, radiative fluxes and surface albedo. Especially, the shortwave and 
longwave cloud radiative forcing (SWCF and LWCF, respectively) could generally be used as a 
measure of the large-scale effects of clouds on radiative fluxes. The cloud radiative forcing is 
defined as the difference between the net radiative flux of all sky and the net radiative flux 
corresponding to clear-sky conditions. As shown in Table 3, seasonal mean values of SWCF and 
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LWCF are obtained at TOA and the surface from Y0 and Y1 simulations, respectively. The 
annual and seasonal mean values of CF from the two simulations averaged over 600 km domain 
are listed. The annual and seasonal characteristics of CF from Y0 are well discussed by Wu et al. 
(2008). In terms of annual mean, the two simulations are almost equivalent to each other in 
LWCF, while there are significant differences (e.g., 4 W m-2 and 5 W m-2 at TOA and the surface, 
respectively) between the simulations in SWCF. The discrepancies of SWCF between Y0 and Y1 
are 2-4 W m-2 in the spring, summer and fall at TOA and the surface. However, the difference is 
significantly great during the winter time by 7-8 W m-2, primarily due to the different surface 
albedo. Moreover in the seasonal aspect, the LWCFs from the two simulations are almost same 
during MAM, JJA and SON, while the difference of winter LWCF at the surface between two 
simulations is much greater by 13 W m-2, which might be caused by the frequently occurring 
low-level clouds over the ARM SGP in winter. In order to explicitly show the process between 
the surface albedo and near surface clouds, surface temperature and surface heat fluxes need to 
be physically interacted with surface albedo. Some implicit impacts are shown in this frame 
work, but to tease out more realistic feedback of surface albedo to radiation and clouds, the CRM 
need to be improved in treatment of surface conditions. 
The observed radiation and cloud data are generated from the variational analysis of NWP 
model-produced field including ARM five sounding locations, seven NOAA wind profiler 
locations and RUC analysis domain over ARM SGP (Xie et al. 2004), so that cloud properties 
and surface albedo have same large scale temperature and moisture advective forcing, which 
facilitates to investigate the relationship between the surface albedo, cloud properties and 
radiative fluxes. Figure 11 shows normalized SWUP flux at TOA of Y1 with surface albedo and 
cloud water path (CWP, i.e., LWP+IWP) variations based on daily mean values for the year 
2000 indicating the relationship among three variables (i.e., surface albedo, SWUP, and CWP). 
This figure gives a qualitative insight among the three variables. Since daily averaged quantities 
are used, the effect of diurnal variation by SZA change does not need to be considered. When 
CWP value is smaller than 400 g m-2, SWUP is slightly decreasing as surface albedo is varied up 
to 0.25-0.35. When the albedo is greater than 0.35, as surface albedo is increasing to larger 
values, SWUP tends to increase as well. There is a critical value of surface albedo for affecting 
SWUP flux when CWP is relatively small. On the other hand, when CWP is relatively large, it 
seems that SWUP increases as surface albedo does without revealing any critical value of surface 
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albedo. However, this is not clear in this analysis and it must be further examined whether or not 
the increase of SWUP at TOA is referred from the surface albedo increase when CWP is large, 
because optically thick cloud usually has strong reflection on its top and base. Thus, there might 
be critical values of surface albedo and CWP to affect SW flux, which may support the fact that 
more reflective surface (e.g., surface albedo is greater than around 0.35) leads to weaker SWCF 
at TOA with optically thin clouds, while less reflective surface (e.g., surface albedo is smaller 
than 0.35) does not affect cloud forcing much. Also, when the surface albedo is smaller the 
critical value, there is a weak decrease in SWUP at TOA with the increase of surface albedo, 
which suggests that a more reflective surface leads to weaker cloud forcing in thin clouds. Figure 
11 also illustrates the relationship between the surface albedo, CWP and total cloud fraction. 
When CWP is relatively small (below 300 g m-2) and the surface albedo is large, the cloud 
fraction increases as the surface albedo increases, while this tendency is not clear when the 
surface albedo is small. It indicates that the increase of SWUP at TOA with increasing surface 
albedo is partly affected by the increase of cloud fraction causing stronger reflection on the cloud 
top when the surface albedo is large, although existing clouds are optically thin. 
In order to specify the characteristics of surface albedo effect revealed above, it is further 
investigated how surface albedo is associated with SWUP at TOA considering specific ranges of 
LWP and SZA. Figure 12 is an example of the analysis that shows all the scattered spots on Fig. 
12a can be decomposed into Fig. 12b and Fig. 12c using a critical value of LWP, i.e., 50 g m-2 in 
this study. SWUP at TOA is normalized by solar insolation at TOA, i.e., cloud albedo. 
Furthermore, Figure 12b indicates a proportional relationship between surface albedo and cloud 
albedo if surface albedo is larger than 0.35, otherwise less correlations between them. However, 
when LWP is larger than 50 g m-2 (i.e., optically thick clouds, Fig. 12c), the cloud albedo is 
almost constant even as surface albedo increases from 0.35 to 0.7 and has fewer correlations 
when surface albedo is relatively small as well. It should be noticed that surface albedo affects 
cloud albedo when cloud is optically thin (LWP is less than 50 g m-2) and surface albedo is larger 
than 0.35, otherwise if cloud is optically thick or surface albedo is small, surface albedo does not 
have much effect on cloud albedo. In addition, considering IWP with surface albedo and cloud 
albedo also shows similar characteristics. The critical values of IWP and surface albedo are 150 g 
m-2 and 0.35, respectively. Consequently, all the linear least-square-fit lines are calculated with 
all the SZA intervals considering the critical values of LWP and IWP in Fig. 13. As shown in Fig. 
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12, there are two regression lines for each SZA; one is for albedos from 0.1 to 0.35 and the other 
is from 0.35 to 0.85. There are obviously proportional relationships between surface albedo and 
cloud albedo when surface albedo is larger than 0.35 and LWP is smaller than 50 g m-2 (Fig. 13a). 
Besides as SZA increases, the slopes of regression lines decrease. However, when surface albedo 
is small or LWP is large, there are weak correlations between surface albedo and SWUP at TOA. 
IWP cases also have similar features as LWP cases do. Therefore, surface albedo strongly 
influences cloud albedo if cloud is optically thin (i.e., LWP and IWP is smaller than 50 g m-2 and 
150 g m-2, respectively), surface albedo is greater than 0.35, and SZA is small. In other words, 
clouds do not affect much on the positively proportional relationship between the surface albedo 
and cloud albedo when the existing clouds are optically thin, surface albedo is large and SZA is 
small. However, if cloud is optically thick, surface albedo is small or SZA is large, the surface 
albedo impact on cloud albedo could be suppressed. 
Furthermore at the surface, SWUP is directly proportional to surface albedo (not shown) in 
the all ranges of LWP and IWP, as expected, without any critical values of surface albedo, LWP 
and IWP. However, SWDN at the surface has similar characteristics as SWUP at TOA does (Fig. 
14). SWDN at the surface is more associated with CWP rather than each LWP and IWP. This 
might be caused by the fact that clouds near the surface are usually constituted by both liquid and 
ice particles only except the summer time. Similarly as SWUP at TOA, SWDN at the surface is 
normalized by solar insolation at TOA. SWDN at the surface has relatively smaller correlation 
with surface albedo when the albedo is smaller than 0.35. Especially when CWP is greater than 
180 g m-2, SWDN at the surface has little weak linear correlation with surface albedo larger than 
0.35; SWDN at the surface is proportional to surface albedo as well. The correlation between 
them decreases as SZA increases. This result is consistent with a high-latitude case study done by 
Nichol et al. (2003). They explained the reason is that a great amount of surface albedo can 
moderate the attenuation of SW radiation by cloud through the multiple scattering between the 
cloud base and the surface. However, this phenomenon takes place only if optically thick cloud 
exists, i.e., CWP is greater than 180 g m-2, otherwise SWDN at the surface is not varied as 
surface albedo increases when cloud is optically thin (not shown). Thus, the reflection of cloud 
base could be another reason for that. 
Therefore, when optically thick cloud exists, SWUP at TOA is primarily associated with the 
reflection of cloud top, but not much affected by the surface albedo, while the albedo influences 
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SWDN at the surface by the cloud base reflection and the multiple scattering between the cloud 
base and the surface. In other words, clouds have a negligible feedback on SWUP at TOA and 
slightly positive feedback on SWDN at the surface in the association with surface albedo if the 
cloud is optically thick. On the other hand, when optically thin cloud occurs, SWUP at TOA is 
mainly influenced by the surface albedo rather than cloud top reflection, while SWDN at the 
surface is not affected by the change as well. SWUP at the surface is generally strongly affected 
by surface albedo for all the cloud cases, as expected. 
 
b. Solar zenith angle impact on surface albedo effect 
    Surface albedo directly affects SW flux and SWCF, and indirectly affects cloud systems 
thereby influencing LW flux and LWCF also. Especially, surface albedo strongly influences SW 
radiative flux when SZA is small. Further analysis could be useful to quantify how those surface 
albedo effects depend on SZA.  
As illustrated in Fig. 5, the surface albedo in Y1 simulation has clear diurnal and seasonal 
variation. To understand the variation quantitatively, Fig. 15 shows seasonal variation of scatter 
diagrams between surface albedo and cosine of SZA from Y1. Through all the seasons, surface 
albedo usually tends to have smaller value with small SZA than that with large SZA as similar as 
the illustration in Fig. 5. The numbers on each scatter diagram indicate the value of slope from 
linear least-square-fit calculation. The slope is relatively larger in winter revealing great 
dependence of surface albedo on the SZA variation mainly due to snow melting off during the 
daytime. 
As shown in Figs. 13 and 14, the slope from linear least-square-fit regression between 
surface albedo and radiative fluxes could be a good parameter to quantify how the surface albedo 
effect on radiation depends on SZA. As revealed in the previous section, upward SW flux at TOA 
is significantly affected by surface albedo when optically thin clouds exist, while downward SW 
flux at the surface is influenced by the albedo with optically thick clouds. Also, upward SW flux 
at the surface is always affected by the albedo, no matter how much the existing cloud is 
optically thick or thin as we expected. Figure 16 illustrates normalized slopes as a function of 
SZA for each radiative flux. The slopes from linear least-square-fit regression between surface 
albedo and radiative fluxes for each SZA bin (10°) are normalized by cosine of SZA and the 
slope when SZA is 50°. The surface albedo effect on upward SW flux at TOA with optically thin 
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clouds (i.e., LWP is less than 50 g m-2) is greater when SZA is 50, 60 and 70° and smaller at SZA 
of 80 and 90° (Fig. 16a). The effect on downward SW flux at the surface with optically thick 
clouds (i.e., CWP is greater than or equal to 180 g m-2) is much greater at SZA of 50° but smaller 
at other SZAs (Fig. 16b), which probably indicates that SZA influences not only the surface 
albedo effect on downward SW flux at the surface, but also the reflection of SW flux from the 
cloud base. The surface albedo impact on upward SW flux at the surface almost linearly 
decreases as SZA increases. At the surface, the slope is significantly decreased from 50° to 60° 
SZA, while the same change of slope at TOA is relatively small. Therefore, the SZA change 
more affects SW radiative budget at the surface than at TOA. This analysis might have limitation 
to generalize the result. Since large surface albedo cases occur only in winter, the sample size 
may not be enough even though the year-long data from the CRM are considered. 
 
5. Summary 
    A year-long ISUCRM simulation was conducted with the prescribed evolving surface 
albedo to investigate the relationship among the surface albedo, radiative fluxes and cloud 
properties. The CRM simulation well represents the shortwave radiative budget during winter, 
because the radiation calculation for the snow-covered period is improved by using the 
prescribed evolving surface albedo. Surface albedo effect on shortwave radiative budget depends 
on the intensity of solar insolation at TOA through the entire year, and the relative effect 
increases as the shortwave intensity increases. The shortwave cloud radiative forcing at the 
surface and TOA is decreased by the use of evolving surface albedo through the whole year and 
much decreased in winter. However, the longwave cloud radiative forcing at the surface and 
TOA are not much influenced by the evolving surface albedo except in winter. 
Shortwave radiative flux at the surface and TOA are affected by the evolving surface albedo 
and clouds through the reflection on the cloud top and base. Longwave flux at the surface and 
TOA are also affected by the evolving surface albedo through its feedback with clouds. In the 
winter, the larger surface albedo causes the more heating of the lower troposphere due to 
additional absorption of shortwave radiation by water vapor and clouds, which results in 
reducing the temperature lapse rate. The weaker instability in the daytime causes fewer clouds in 
the lower troposphere. The change of cloud properties due to the evolving surface albedo leads to 
the change of longwave radiative budget at the surface and TOA also. However, the effect on 
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cloud properties is small in terms of the annual and seasonal means. 
Moreover, it is found that 0.35 is a critical value of surface albedo to affect the upward 
shortwave flux at TOA and downward shortwave flux at the surface with optically thin and thick 
clouds, respectively. When the existing clouds are optically thin (e.g., LWP is less than 50 g m-2 
and IWP is less than 150 g m-2), upward shortwave flux at TOA has proportional relationship 
with surface albedos that are greater than the critical value. Downward shortwave flux at the 
surface also has proportional relationship with the larger surface albedos than the critical values 
if optically thick (e.g., CWP is larger than 180 g m-2) clouds exist. The relationship between the 
surface albedo and shortwave flux has a dependence on SZA; the surface albedo effect is greater 
around the smaller SZAs, but the effect is almost equivalent at the higher SZAs. However, the 
dependence on SZA is negligible when LWP and IWP are large enough. In general, therefore, 
when the optically thick cloud exists, the upward shortwave flux at TOA is primarily influenced 
by the reflection of cloud top, but not much affected by the surface albedo, while the albedo 
influences the downward shortwave flux at the surface by the cloud base reflection and the 
multiple scattering between the cloud base and the surface. In other words, cloud has a negligible 
feedback on the upward shortwave flux at TOA and slightly positive feedback on the downward 
shortwave flux at the surface in the association with surface albedo if the cloud is optically thick. 
On the other hand, when optically thin cloud occurs, the upward shortwave flux at TOA is 
mainly influenced by the surface albedo rather than the cloud top reflection, while the downward 
shortwave flux at the surface is not affected by the surface albedo. 
Surface albedos have slightly proportional relationship with SZAs in the CRM. The 
dependence of surface albedo on SZA is greater in winter than the other seasons. The SZA 
change affects the shortwave radiation budget at the surface more than at TOA. Shortwave cloud 
radiative forcing is also affected by SZA; as SZA decreases shortwave cloud radiative forcing 
increases. 
One limitation of this study is that the surface albedo effects on cloud properties might be 
underestimated due to the use of prescribed evolving surface sensible and latent heat fluxes, 
which probably results in the underestimation of the surface albedo impact on the longwave 
radiation. If a land-surface model is coupled with the CRM, more physically coherent effects of 
surface albedo on cloud and radiative properties would be considered and quantified. 
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CHAPTER 4. STATISTICAL ANALYSIS OF CLOUD AND RADIATIVE PROPERTIES 
 
1. Introduction 
Understanding the impacts of clouds on the global energy budget and hydrological cycle is 
one of the substantial issues for large-scale model simulations. Clouds help increase the rate of 
meridional energy transport from the midlatitudes to the polar regions through the atmosphere 
(Kato et al. 2008). There have been many efforts to represent the effects of vertical overlap and 
horizontal inhomogeneity of clouds on radiative fluxes and heating rates in general circulation 
models (GCMs) (e.g., Geleyn and Hollingsworth 1979; Weatherald and Manabe 1988; Houghton 
et al. 1990; Liang and Wang 1997; Jakob and Klein 1999; Moncrette and Jakob 2000; Collins 
2001; Stephens et al. 2004; etc.). Since most cloud overlap methods in large-scale models are 
empirical without rigorous evaluation, and some methods produce intolerable errors in 
calculating grid-mean fluxes (Stephens et al. 2004), long-term and multi-year cloud and radiative 
properties are needed for evaluating and improving the representation of clouds in the radiation 
schemes of GCMs. A mechanism for this improvement is simulation of complex cloud systems 
with a cloud-resolving model and subsequent parameterization of the results at a scale that is 
compatible with GCM grid spacing. 
There have been observational studies to quantify the characteristics of clouds with various 
measurement devices. For example, long-term radar records were used to investigate cloud 
overlap characteristics (Hogan and Illingworth 2000; Mace and Benson-Troth 2002). Active and 
passive remote sensing systems (e.g., millimeter radars, microwave radiometers and lidars) 
measure cloud properties that can be compared with compatible cloud properties forecast by 
GCMs and used to improve existing parameterizations or develop new parameterizations (Mace 
et al. 2007; Zhang et al. 2007). Mace et al. (2006) described a methodology to merge various 
active and passive remote sensing data streams collected at the Atmospheric Radiation 
Measurement (ARM) Climate Research Facility (ACRF; Ackerman and Stokes 2003) near 
Lamont, Oklahoma, into a single, integrated description of the physical state of the atmospheric 
column. They also demonstrated that the data collected using active and passive ground-based 
remote sensors was sufficient to provide a credible estimate of the atmospheric cloud radiative 
heating structure with quantitative utility on both seasonal and annual time scales. Recently, 
Mace and Benson (2008) extended their earlier studies to consider eight years of continuous data 
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collected at the ARM Southern Great Plains (SGP) showing the influence of clouds on the 
radiative flux divergence of solar and infrared energy on annual, seasonal, and monthly time 
scales. These long and comprehensive data are able to provide a benchmark that can serve as a 
medium for evaluation of similar quantities derived from GCMs or cloud resolving models. 
Satellite-retrieved cloud properties from the Clouds and the Earth’s Radiant Energy System 
(CERES) and Tropical Rainfall Measuring Mission (TRMM) satellites were used by Eitzen et al. 
(2008) to investigate relationships between cloud physical properties for three types of marine 
boundary layer clouds, i.e., overcast, stratocumulus and shallow cumulus types. They reported 
that cloud microphysical properties (e.g., effective radius, cloud optical depth, albedo, liquid 
water path, and shortwave cloud radiative forcing) have small correlations with cloud 
macrophysical properties (e.g., outgoing longwave radiation, cloud fraction, cloud-top 
temperature, longwave cloud radiative forcing, and sea surface temperature). However, within 
the same category (microphysical or macrophysical), the magnitude of the correlation tends to be 
higher. To quantify microphysical and macroscale characteristics of marine boundary layer 
clouds, Jensen et al. (2008) used six years of observational data from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) over various oceanic regions. Liu et al. (2008) used nine 
years of TRMM data to quantify the long-term characteristics of cloud and precipitation defined 
by grouping contiguous pixels using various criteria such as surface rain, cold infrared, and 
microwave brightness temperature. The possibility exists that observational data related to cloud 
liquid water properties can be contaminated by precipitation or condensed water that 
accumulates on the cover of measurement sensors (Mace et al. 2006). These contaminated data 
are removed before analysis or otherwise parameterized. For example, Baker et al. (2009) tried 
to correct the errors of cloud droplet measurement devices induced by precipitation using a least 
squares linear regression between several cloud probes and precipitation water content. 
In most GCMs, cloud properties including ice cloud water and cloud amount are often 
artificially tuned to satisfy the radiation budgets at the top of the atmosphere and at the surface 
because there is no global observation. The CRM forced with the large-scale forcing from the 
field experiments is one way to alleviate this need. Since the most ARM data are point 
measurements, statistical comparison between the CRM outputs and ARM data is used to 
validate the model-simulated characteristics and vertical distribution of cloud contents. The aim 
of this study is to evaluate the statistical characteristics of the CRM-simulated cloud properties 
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against several value added products from ARM such as the column physical characterization 
product (CPC), the continuous baseline microphysical retrieval (MICROBASE) cloud liquid and 
ice water properties, and the multifilter rotating shadowband radiometer (MFRSR) cloud optical 
depths. 
 
2. Observational data 
ARM has been producing long-term cloud macroscopic properties (e.g., cloud top and base 
height and fraction) and microphysical properties (e.g., liquid and ice content) of clouds and 
corresponding radiative fluxes using active and passive remote sensing instruments at the ground 
and from satellites. For example, a long-term (eight years) cloud data set including atmospheric 
thermodynamic, cloud and radiative properties for the ARM SGP site were produced by Mace et 
al. (2006) and Mace and Benson (2008). The CPC data-set contains various macroscopic and 
microphysical cloud properties such as the height, pressure and temperature of cloud base and 
top, cloud fraction profile, visible optical depth, cloud thickness, and cloud liquid and ice water 
content. 
Mace et al. (2006) quantified within a reasonable measure of uncertainty the cloud radiative 
forcing and cloud radiative heating rate of various cloud types over the ARM SGP site during the 
year 2000. In order to evaluate the statistics of CRM-simulated cloud systems, the retrieved 
cloud statistics by the CPC are used in this study. The CPC data are considered most accurate 
under overcast non-precipitating conditions defined as an occurrence of cloud cover for more 
than 90% of a 30 minute period when observed rainfall rate is zero. To obtain similar cloud 
statistics as those from the CPC, overcast and non-precipitating periods in the CRM were defined 
as in Mace et al. (2006). Each column in an instantaneous CRM field is considered. There are 
200 columns every 15 minutes during the year (364 days), so 200 x 364 x 96 contains all the data 
points. Following Liang and Wu (2005), a vertical layer for each CRM grid is assumed to be 
uniformly and completely filled by a cloud if its cloud water path (LWP+IWP) is greater than a 
certain threshold (0.5 g m-2); otherwise it is assumed to be cloud-free. Since a cloud in the CRM 
exists as a binary cloud (i.e., completely overcast or clear sky for a CRM grid), we consider that 
a column with one or more cloudy segments at any vertical level is overcast. In addition to the 
overcast condition, if the surface rainfall rate of a CRM column is less than 0.254 mm hr-1 (i.e., 
the smallest value in CPC rainfall rates), a non-precipitating condition is assumed. Thus, the CPC 
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cloud data is based on 30 minutes, and the CRM cloud data is based on 15 minutes. If cloudy 
segments continuously occupy a column of the CRM domain from a certain base height to top 
height, those two levels are considered as its cloud base and top. In order to distinguish optically 
thin and thick clouds, the visible cloud optical depth is calculated by the summation of cloud 
liquid and ice optical depth using the formulas shown in previous study (Wu et al. 2008). 
The MICROBASE data (Miller et al. 2003) uses a combination of observations from a 
millimeter cloud radar (MMCR), laser ceilometer, micropulse lidar (MPL), the microwave 
radiometer (MWR), and a best-estimate thermodynamic profile to calculate the profiles of liquid 
and ice water content (LWC and IWC) and cloud fraction. The vertical distribution of the LWC 
is determined from the MWR integrated liquid water path by weighting the integrated liquid 
water using the vertical distribution of radar reflectivity, and the IWC is estimated using a 
parameterization that is based on the relationship between IWC and radar reflectivity, which is 
reported in the Active Remote Sensing of Clouds (ARSCL) data (Clothiaux et al. 2000). 
To compare the cloud optical depths from the CRM-produced LWP and IWP, year-long 
multifilter rotating shadowband radiometer (MFRSR) data are used (Min and Harrison 1996; 
Min et al. 2004). Because MFRSR measures both total horizontal irradiance and direct-normal 
irradiance using the same detectors through an occulting apparatus, a Langley regression of the 
direct-normal irradiance taken on stable clear days can be used to extrapolate the instrument’s 
response to the top of atmosphere. Transmittances are calculated subsequently under cloudy 
conditions as the ratio of the uncalibrated MFRSR signal to the extrapolated top-of-atmosphere 
value. This Langley approach can achieve the calibration accuracy better than 2% at the ARM 
SGP site. Specifically, Min and Harrison (1996) developed a retrieval algorithm to infer optical 
properties of warm clouds from diffuse measurements at MFRSR 415-nm channel. In 
conjunction with cloud liquid water path from MWR, the algorithm simultaneously retrieves 
cloud optical depth and cloud drop effective radius. Min et al. (2004) take advantage of 
simultaneous spectral measurements of direct and diffuse transmittance of a MFRSR and 
temporal variations to retrieve optical depths for optically thin clouds from direct beam 
irradiances.  To minimize the interference of gaseous absorption, the retrieval algorithm selects 
the 415 and 860-nm channels, and separates aerosols from thin clouds based on their temporal 
and spectral characteristics. It provides accurate retrievals of optical depth for optically thin 
clouds (optical depth < 5). 
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3. Cloud statistics from the CRM and observations 
In this section, the CRM-simulated clouds and their comparison with available observations 
are shown in terms of cloud occurrence frequency, cloud and radiative properties. Comparisons 
of CRM-simulated cloud properties with observed properties are available under overcast and 
non-precipitating conditions. 
 
a. Cloud occurrence frequencies 
The seasonal variation of the CRM-simulated cloud frequency distribution is shown in 
Fig.17 as a function of cloud base and top height. The simulated cloud systems have obvious 
seasonal change of their frequency distribution. In spring, the most frequent clouds occur with 
the cloud base around 6 km and top around 9 km. Low stratiform clouds exist near the surface 
with relatively higher frequency. Deep convective events are (with the base around 3 km) also 
frequently produced in the CRM simulations. The most frequent clouds in the summer are found 
at higher altitudes with the cloud base at 8 km and cloud top at 11 km. Mid-level clouds are 
common with their base and top heights around 4 km and 5 km, respectively, and high clouds 
(around 12 km or higher) also frequently occur. Deep convective clouds are indicated during the 
summer months, but tend to exhibit a higher cloud base than the deep convective clouds that 
form in the CRM in spring. Autumn is characterized by a predominance of low stratiform clouds 
with bases near the surface to 4 km, and additional clouds are indicated in middle levels. During 
the winter, most clouds have lower cloud base and top than those from the other seasons 
probably due to relatively weak temperature and moisture forcing (Figs. 1 and 2) and small 
surface heat fluxes (Fig. 4). The general cloud distribution is similar to that of spring but the 
clouds are simulated to occur in lesser amounts. 
The observations of cloud data are only reliable under overcast and non-precipitating 
conditions (Mace et al. 2006). So the validation of CRM simulation against observations will be 
limited to non-precipitating and overcast clouds in this study. Figure 18 shows the annual mean 
non-precipitating cloud occurrence frequency distributions based on cloud base and top height 
from the CRM and CPC. The CRM is able to represent several major cloud types such as deep 
convective cloud, thick mid-level cloud and stratiform cloud at low, middle and high levels as the 
observational distribution shows. It is shown that both the simulated and observed cloud 
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occurrence distributions have general agreement except for very frequent high-level clouds in the 
observations. The CRM does not produce enough high-level ice clouds. It is noticed that there is 
great uncertainties in ice cloud microphysical parameterization in the CRM, which contributes to 
differences between modeled and observed high clouds. The cloud ice particles seems easily fall 
as snow or graupel. The ice fall speed can be adjusted to modify the production of ice clouds 
(e.g., Wu et al. 1999). Also, the cloud base and top heights from the CRM strongly depend on the 
LWP and IWP thresholds for cloudiness. 
The occurrence frequency distribution for all CRM clouds is shown in Fig. 19. From 
January to September the frequency tends to decrease. About 13% of CRM-produced clouds 
exist in November, while only about 4% of the clouds occur in September. In terms of the diurnal 
variation, the seasonal distributions are consistent with those of LWP and cloud optical depth 
indicating that the time periods with higher frequency of cloud have the optically thicker clouds. 
The diurnal variations are obvious for seasons with the exceptions of spring. Frequency 
distributions of all overcast clouds without precipitation from the CRM and CPC are shown in 
Fig. 20. The monthly frequency of all overcast clouds reasonably demonstrates a typical annual 
cycle of cloud occurrence with a decrease from spring to summer (Mace and Benson-Troth, 
2002). In spring, the diurnal variation of cloud occurrence frequency is not obvious in the CRM, 
while the CPC cloud has slightly larger occurrence frequency in the local evening and little 
smaller frequency at night. The frequency differences between the CRM and observation are less 
than 1 % through the diurnal cycle. However in summer, the CRM and CPC cloud frequency 
distributions have relatively distinct diurnal variations than the other seasons. The CRM cloud 
has a nocturnal maximum of the frequency around 4 local standard time (LST), while there are 
more daytime clouds frequently in the observation. In autumn, there is a small cloud occurrence 
peak around local noon in the CRM, while the observational clouds occur in the late afternoon. 
The frequency distribution of the CPC clouds in winter has two occurrence peaks in the early 
morning and late afternoon, while there is a peak of frequency in the morning without afternoon 
maxima in the CRM clouds. In terms of the diurnal variation of occurrence frequency, the CRM 
and CPC clouds have similar distributions in the spring and autumn, but different in the summer 
and winter. 
Table 4 shows definitions of cloud types (Mace et al. 2006) and detected cases from the 
CRM. About 75% of overcast columns from the CRM are classified into specific cloud type and 
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the other 25% overcast columns are mixed or not classifiable types including multi-layered 
clouds. Low and thick middle clouds are the most frequent types in the CRM. These two cloud 
types have about 60% frequency of all CRM clouds. Thick high cloud, however, barely occurs in 
the CRM. As Wu et al. (2008) reported, the CRM cloud bases tend to extend to lower levels 
compared to those in the observations, so the most frequent cloud is mid-level cloud in the CRM, 
while Mace et al. reported the most frequent non-precipitating cloud is thin high cloud (51%) 
over the ARM SGP in the year 2000. 
The occurrence frequencies as a function of month for other cloud types are illustrated in 
Fig. 21. As a frequent cloud type in the CRM, the thick middle clouds exist primarily in spring 
and summer. About 70% of thick middle clouds occur in the two seasons. In winter, the thick 
middle clouds rarely exist. For instance, only about 1% of thick middle clouds occur in 
December. As the most frequent cloud type in the CRM, in contrast to the distribution of thick 
middle clouds, low clouds exist in winter; about 25% of low clouds are generated in December, 
while August has only about 2% of low clouds. Thin high clouds are produced in summer with a 
frequency of 45% of all the thin high clouds. Deep low (i.e., deep convective) clouds are 
simulated mostly in March and November with about 21% and 20% frequency, respectively. 
When non-precipitating clouds are considered, the most frequent cloud types are thin high and 
low clouds for the CPC, and low and thick middle clouds for the CRM. Rarely occurring clouds 
are thick high and thin mid clouds for both the CRM and CPC. The frequency distributions for 
each cloud type as a function of month are shown in Fig. 22. Summer is the season having thin 
high clouds most frequently, while winter has these clouds most infrequently in the CRM and 
CPC. Low clouds are very common in winter, while summer does not have many low clouds in 
either the CRM or CPC. Thick middle cloud is the most frequent cloud in spring also. While the 
two approaches have good agreement in the cloud frequency distributions of very frequent cloud 
types, in less frequently occurring cloud groups (e.g., high low and deep low clouds), the 
frequency distributions do not agree between the CRM and CPC. 
In terms of diurnal variations for four seasons (Fig. 23), low and deep low clouds have 
strong diurnal changes, while thin high clouds have relatively weak diurnal variations. The 
diurnal variations of occurrence frequency for thick middle clouds are opposite to those 
distributions for low clouds. Figure 24 illustrates the diurnal variations of cloud frequency 
distributions of thin high and low cloud types for four seasons. The other clouds types are not 
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shown here because of lack of observational data caused by infrequency. Thin high-level clouds 
from the both of the CRM and CPC are more likely to be found at nighttime for the four seasons. 
Using the combined dataset from the surface and satellite over the ARM SGP for the year 2000, 
Huang et al. (2003) reported that there are persistent high-level ice clouds after the nocturnal and 
afternoon storms dissipate. Low clouds from the CRM and CPC frequently occur around local 
noon in summer and fall. However, in spring, the CRM-produced low clouds tend to exist at 
around noon, while those from the CPC are more likely to occur in the late local morning. In 
winter, the clouds from the CRM commonly exist in the morning, while in the morning and 
afternoon for the CPC. 
Unlike the observations, the characteristics of precipitating clouds from the CRM can be 
considered. In the CRM, the most frequent precipitating cloud type is the deep low cloud (37% 
of all the precipitating clouds). The monthly occurrence frequencies of the precipitating clouds 
from the CRM are illustrated in Fig. 25. The precipitating clouds occur in March, October and 
November, while there are less frequent precipitating clouds in August and September. As the 
most frequent precipitating cloud type, the deep low clouds are produced in March, November 
and December. 
 
b. Cloud properties 
The seasonal and diurnal variation of vertically-integrated LWP and IWP are shown in Fig. 
26. LWP has a maximum monthly mean value of 94.6 g m-2 in October, while the minimum 
value is 13.7 g m-2 in April. The maximum value of IWP is 122.7 g m-2 in June based on monthly 
mean, while IWP has a minimum value of 15.4 g m-2 in September. The CRM-produced clouds 
tend to have a large amount of LWP in fall (especially in October and November), while there 
are small LWP values in winter. However, IWP has large values in spring and has small values in 
August and September. Overall, liquid and ice water of CRM clouds tends to increase from 
January to March, have smaller values in April, increase again to June, and then have smaller 
values again in August and September, and decrease from October to December. This trend is 
consistent with other observational studies over ARM SGP (e.g., Mace and Benson-Troth 2002; 
Mace et al. 2006). LWP and IWP have distinct diurnal variations through the four seasons. In 
spring, IWP has a strong diurnal variation with large values in the local night and a minimum 
value at noon, while LWP does not have significant diurnal variation. However in summer, both 
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LWP and IWP have large values in the early morning, but smallest values occur in the evening 
for LWP and at noon for IWP. There are more convective clouds in summer, which produces a 
strong diurnal signal. The large nocturnal peak in IWP might be caused by anvil remnants from 
the previous afternoon over ARM SGP during the summer time. Relatively weak diurnal 
variations are revealed in fall for both LWP and IWP. There are large LWP and IWP at night and 
small values in the evening. IWP, however in winter, has large values in the early morning, while 
LWP has the maximum value in the late morning. These essentially follow the frequency 
distribution of deep low cloud (Fig. 23) as this cloud type dominates the frequency of LWP and 
IWP. Overall, LWP and IWP have large values at night and in the early morning, but small values 
in the local evening through four seasons. 
There are larger LWP and lower IWP in fall compared to spring. It is caused by the 
differences of synoptic characteristics between the two seasons in the year 2000. Mace et al. 
(2006) described the synoptic scale dynamics over the ARM SGP in spring. The mean trough of 
500-hPa geopotential heights exists over the eastern part of the country. The ARM SGP site is 
frequently located under the trough and affected by low-pressure systems at the surface, so that 
deep convective clouds are frequently generated in spring, especially in March (Fig. 21). The 
more deep convective clouds in spring are also caused by stronger temperature and moisture 
forcing in the mid troposphere compared to those in fall (Fig. 2). Due to those reasons, there are 
more ice clouds in spring. However in fall, the ARM SGP site located on the right side of the 
trough is affected by strong low-pressure systems and larger wind shear, which results in more 
cloud occurrence than spring (Fig. 19). In addition, the temperature and moisture forcing in 
lower troposphere in fall are greater than those in spring (Fig. 2), so that there are more frequent 
low-level clouds (Fig. 21) and greater LWP in fall.  
Figure 27 illustrates averaged profiles of LWC for each bin of LWP from the CRM and 
observations (i.e., CPC and MICROBASE) for the year 2000. There are three groups of LWP: 
small (1-10 g m-2), medium (10-100 g m-2), and large (100-1000 g m-2) value groups with the bin 
size of 1, 10 and 100, respectively. In each LWP group, the values of LWC increase as the value 
of LWP bin increases. In the large LWP group, the peak of LWC from the model exists at around 
2 km, while the peak from the CPC and MICROBASE occurs around 1.5 km and near the 
surface, respectively. In the medium group, there are two peaks of LWC at 1 and 2 km heights 
from the CRM and observations. However in the small LWP group, the LWC peak occurs around 
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1 km from the CRM and MICROBASE, while there is a large peak around 6 km in the CPC. 
This feature is an artifact of the CPC retrieval scheme at very low LWP values and should be 
neglected. The CRM-produced LWC and LWP fields are in reasonable agreement with the 
observations in the large and medium LWP groups. In the small LWP group, however, the three 
approaches are very different from each other. The small LWC distributions from the CRM are 
comparable to those from the MICROBASE near the surface. It is probably caused by the fact 
that the small ice crystals above or in the melting level are detected as liquid water in their 
retrieval algorithm. Similar comparison between the CRM and observations is shown in Fig. 28 
for IWC. The heights of IWC peak decrease from around 7, 5.5, to 4.5 km for small, medium, 
and large groups, respectively. These suggest that large IWP clouds tend to exist at lower levels, 
while small IWP clouds are likely to occur at higher levels. Similar to the CRM, the peaks from 
the CPC in the small, medium and large groups are 10, 6 and 5 km, respectively. The decreasing 
tendency occurs for the MICROBASE also; the heights of the peaks are around 9, 6 and 5.5 km 
for the small, medium and large IWP groups. However, the heights of the peaks are slightly 
greater in the observations than those in the CRM for the medium and large IWPs, and there are 
2-3 km differences of the peaks for the small IWPs between the CRM and observations. 
Additionally, the CRM has a near surface peak of IWC in the small IWP group that does not 
appear in the observations. Over ARM SGP, there are often supercooled stratus clouds; 
temperatures are in the 260 K range but these clouds are generally liquid and produce liquid 
drizzle. The CRM may be producing light frozen drizzle from these clouds and then dropping the 
particles to the surface as frozen precipitation. 
Probability density function distribution of LWP and IWP for all clouds and each cloud type 
under the all-sky condition produced by CRM are shown in Fig. 29. For all clouds, medium LWP 
and small IWP dominate among three groups, which is mainly caused by the fact that thick 
middle and low clouds exist with medium LWP and low and thin high clouds occur with small 
IWP. Thick middle clouds are normally constituted with medium LWP and IWP, while thin high 
clouds are constituted with small LWP and IWP. Low clouds are constructed with medium LWP 
and small IWP and deep low clouds have large LWP and IWP. 
Figure 30 shows the frequency histograms of cloud LWP and IWP from CRM and CPC for 
each cloud type under overcast and non-precipitating conditions. Since the LWP measurement 
from MWR is not accurate for values less than 30 g m-2, this comparison is restricted to values 
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greater than 30 g m-2. All non-precipitating clouds from CRM tend to have smaller amount of 
large LWP and IWP (100-1000 g m-2), while have greater amount of LWP and smaller amount of 
IWP in the medium range values (10-100 g m-2) compared to the CPC. Thin high clouds, as the 
most frequent overcast cloud from the observations, from the CRM and CPC have somewhat 
different cloud frequency histograms; the CRM high clouds do not have liquid particle, while the 
CPC has higher frequencies of medium LWP clouds. For the other cloud types, the CPC has 
greater LWP and IWP than the CRM. The possible reasons are as follows. First, CRM values are 
column-averaged values, but the CPC data is from one observational point. Second, the number 
of data from the CPC is not enough to make the representatives of frequency histogram for each 
cloud type only except two relatively frequent clouds (i.e., thin high and low clouds, Mace et al. 
2006). Recently, Mace and Benson (2008) reported the vertical structure of cloud occurrence and 
radiative forcing at the ARM SGP site using the CPC technique with continuous data of 8 years. 
The very long-term cloud data will give much more robust cloud statistics fully enough to 
compare with the cloud systems from the CRM. 
For the precipitating clouds from the CRM (Fig. 31), the frequencies of the large group in 
LWP are greater than the non-precipitating cases, and the frequency distributions of IWP are very 
similar to those of the non-precipitating clouds. The precipitating deep low clouds have large 
LWP and IWP, but there are only a few cases having IWP values less than 10 g m-2. 
 
c. Cloud radiative properties 
Seasonal and diurnal variation of the cloud optical depth is shown in Fig. 32. In order to 
calculate the cloud optical depth from the CRM-produced LWP and IWP, the method used in Wu 
et al. (2008) is applied; the CRM cloud optical depth is the summation of cloud liquid optical 
depth and cloud ice optical depth, which are calculated by the two formulas (e.g., Stephens 1978; 
Heymsfield et al. 2003). Cloud optical depth has a clear seasonal change of diurnal variation 
with seasonal means of 9.7, 9.4, 13.2 and 5.0 for spring, summer, fall and winter, respectively. 
Summer and fall have relatively obvious diurnal variations compared to spring and winter. The 
maximum hourly mean is 16.1 at 4 A.M. in summer, while 3.0 is the minimum at 5 P.M. in 
winter. There is no obvious diurnal variation in spring. However summer has a very clear diurnal 
variation with a maximum at 4 A.M. and a minimum at 4 P.M. In fall, there are two large peaks 
at 1 and 8 A.M., while winter has a peak at 10 A.M. Overall, cloud optical depth tends to be 
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greater in the local morning and smaller in the local late afternoon except spring. The validation 
for the CRM-produced optical depth is possible using MFRSR cloud optical depth (Min and 
Harrison 1996). The retrieved cloud optical depth data from the MFRSR is valuable in most 
conditions since it is computed using the observed radiation from the MFRSR and the calculated 
clear-sky radiation from Langley regressions, and quality controlled if it is raining. This data is 
available for day time. Figure 33 shows frequency histograms of daytime (i.e., 8-16 LST) cloud 
optical depth from the CRM and MFRSR for four seasons. In spring and winter, the distributions 
of the CRM and MFRSR are very similar to each other. However, in summer and fall, the large 
values of cloud optical depth from the MFRSR are greater than those from the CRM. Overall, the 
general frequency distributions of cloud optical depth from the CRM and MFRSR have a good 
agreement. To examine the dependence of CRM frequency on the domain sizes, Fig. 34 
illustrates the frequency histograms of daytime cloud optical depth using the whole CRM 
domain and each different domain size (i.e., 1/2 domain, 1/4 domain, 1/8 domain and 2 points in 
the CRM domain) for the whole year. It indicates long term (e.g., year-long) statistics of cloud 
properties do not much depend on the domain size of the model, which is partly due to the 
application of uniform forcing over the entire domain. The frequencies in 10-20 cloud optical 
depth are different between the entire domain and smaller domains (i.e., 1/2 domain and 2 points 
in the CRM domain), which indicates that the discrepancies between the CRM and observations 
are partially caused by the domain size. 
Cloud radiative forcing (CRF) and radiative heating rate are important variables to 
understand the comprehensive effect of clouds on the climate system. Considering all clouds 
from the CRM, the annually-averaged CRFs for each cloud type are shown in Table 5. Low-level 
clouds have the strongest net cooling of 35 W m-2 in the atmosphere comparable with the values 
of 37 W m-2 from the CPC (Mace et al. 2006) for non-precipitating clouds. While the TOA and 
surface values show that the atmospheric column experiences strong shortwave (SW) cooling by 
low-level clouds, approximately 10 W m-2 of solar energy is absorbed by low-level clouds in the 
lower troposphere. Deep low clouds also have strong SW cooling at the surface and TOA leading 
to net cooling. Through the atmosphere, the net CRF is very small because of almost equivalent 
SW heating and longwave (LW) cooling. While SW CRFs at the surface, TOA and in the 
atmosphere by deep low clouds are similar to those by low clouds, LW CRFs at TOA and in the 
atmosphere are different due to the radiation from deep convective cloud top that is colder. 
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Optically thin mid-level clouds have very small CRF at the surface and TOA and in the 
atmosphere. However, optically thick mid-level clouds have strong net heating (68.3 W m-2) 
through the atmosphere and very significant cooling (-116.1 W m-2) at the surface because of the 
combination of SW and LW heating through the atmosphere, and very strong SW cooling at the 
surface, respectively. Thin high clouds have more effect on the atmosphere than the surface and 
TOA with net heating mainly due to longwave absorption. Optically thick high clouds have a 
very significant impact on LW fluxes with very strong net heating at the TOA (151.3 W m-2) and 
through the atmosphere (136.1 W m-2). The two-layered clouds constituted by low- and high-
level clouds have larger impacts on SW and LW fluxes at the surface than at TOA. Most CRFs 
are very similar to those by low-level clouds, but all the CRFs at the TOA and surface and 
through the atmosphere are a little warmer due to overlying high clouds. For all CRM clouds, 
both SW heating and LW heating are small and result in a net heating of 7.4 W m-2 in the 
atmosphere. The LW heating in the atmosphere is mainly due to optically thick mid cloud that is 
frequent cloud type in the CRM but less frequent in observational studies (e.g., Mace and 
Benson-Troth, 2002; Mace et al. 2006). Wu et al. (2008) compared the annual and seasonal 
means of cloud radiative forcing from the CRM to the International Satellite Cloud Climatology 
Project (ISCCP) data for the year 2000 over the ARM SGP, and showed that the annual means 
and standard deviation of cloud radiative forcing at both the surface and TOA are similar 
between the CRM and ISCCP, and the difference between them is less than 10 W m-2. 
Figure 35 shows SW, LW and total cloudy radiative heating rates for all, thick middle, low, 
thin high, deep low, and high low clouds from the CRM. Cloudy radiative heating rate (CRHR) 
means all-sky heating rate minus clear-sky heating rate. Thick middle cloud has strong LW cloud 
top cooling (-1.6 K day-1) around 8 km and cloud base warming (1.4 K day-1) around 3 km. Also 
SW cloud heating (0.6 K day-1) exists around 8km and cooling below 4 km. In net, thick middle 
clouds have cloud cooling above 7 km and warming below that level. Low clouds have strong 
LW cooling (-4.0 K day-1) near the surface leading strong cooling effect in net. High clouds tend 
to warm almost troposphere below 13 km due to solar heating and LW heating around 8 km. 
Deep low clouds have strong LW cloud cooling (-2.6 K day-1) and warming (2.6 K day-1) effects 
around 8 km and 3 km, respectively. 
To examine the effects of clouds on the radiative heating rates, the CRM- and CPC-derived 
heating profiles are compared for overcast and non-precipitating clouds. For CRM, the standard 
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NCAR CCM3 radiation scheme is used with the input of cloud liquid and ice (type A) from 
CRM. For CPC, the method of calculating cloud radiative properties and heating rates can be 
found in Mace et al. (2006). The SW radiative properties are calculated using the 
parameterizations by Slingo (1989) and Fu (1996) for liquid and ice phases, respectively. The 
LW radiative properties are also calculated using the radiation schemes by Kiehl et al. (1996) and 
Fu et al. (1998) for liquid and ice phases, respectively. Figure 36 shows mean vertical profiles of 
SW, LW and total CRHR for each cloud type. The CRHR profiles of SW between the CRM and 
CPC are similar for all non-precipitating clouds. The clouds have SW warming (about 0.3 K day-
1) at 6-12 km, while have SW cooling (-0.3 K day-1) near the surface in CRM and CPC. In terms 
of LW, however, the CRM-produced clouds have relatively strong LW cooling (-0.7 K day-1) 
around 9 km height, while those from the CPC have little LW cooling around that level. The 
CPC clouds also have strong LW cooling (-1.2 K day-1) at 2 km, while the CRM clouds have the 
cooling peak at around 1 km. Thus in terms of net, the overcast clouds without precipitation from 
the CRM have similar radiative heating in the middle troposphere (4-6 km), but weaker radiative 
cooling in the low troposphere (below 3 km) and stronger radiative cooling in the upper 
troposphere (7-13 km) than the CPC. The thin high-level clouds have net radiative heating effect 
through the atmosphere with the peak around 8-9 km in the CRM and CPC. LW cooling from the 
CRM is around 9-10 km, while the LW cooling from the CPC exists over 14 km, which is a 
result from the discrepancy of high-level cloud frequency between the CRM and CPC (Fig. 18). 
The CRHR profiles of low-level clouds are very similar to those from the CPC. Low clouds have 
SW radiative heating below 3km and cooling near the surface, while affect the lower troposphere 
with strong LW radiative cooling thereby having net radiative cooling in the low atmosphere. 
Optically thick mid-level non-precipitable clouds from the CRM and CPC have almost 
equivalent effects on SW and LW radiative heating and cooling. There is strong SW heating 
around 8 km and SW cooling below 5 km, while LW cooling exists above 7 km and LW 
warming below 7 km. For the two-layered clouds with both high and low clouds, the CRM is 
able to represent the two peaks of SW heating at around 2 and 10 km heights as the CPC shows. 
The high low clouds have strong LW cooling in low troposphere, weak LW warming in middle 
troposphere, and little LW cooling in upper troposphere. The CRHR profiles of deep low clouds 
from both CRM and CPC are similar to each other also. The deep low clouds have SW heating 
above 4 km and SW cooling below 4 km, while there is strong LW cooling (-3 K day-1) around 7-
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8 km and LW heating below 5 km. 
Figure 37 illustrates the mean CRHR profiles for precipitating clouds from the CRM. Since 
the precipitating clouds optically thicker than the non-precipitating clouds, LW heating and 
cooling by the precipitating clouds are much stronger. LW cooling is -2.2 K day-1 around 9 km 
and LW heating is 1.8 K day-1 around 3 km for all precipitating clouds in the CRM. SW heating 
of precipitating clouds is also greater than that of non-precipitating clouds above 4 km. For deep 
low clouds, the precipitating clouds have greater LW heating and cooling than the non-
precipitating clouds. Peak of LW cooling is -3.3 K day-1 about 1.5 km higher altitude than the 
non-precipitating cases. LW heating by the precipitating deep convective clouds is 3 K day-1 at 
3km. The SW heating and cooling is almost equivalent with those for the non-precipitating cases. 
Thus, the net radiative cloud top cooling and base heating effects by precipitating clouds are 
greater than non-precipitating clouds. 
 
4. Summary 
Statistical validation of the year-long ISUCRM simulation with the prescribed evolving 
surface albedo is performed against the available observational estimates from ARM SGP. The 
simulated cloud systems have obvious seasonal change of their frequency distribution. In spring, 
the most frequent clouds occur with the cloud base around 6 km and top around 9 km. Low 
stratiform clouds exist near the surface with relatively higher frequency. Deep convective clouds 
(with the base around 3 km) also frequently occur. However in summer, clouds are frequently 
generated at higher altitudes with the cloud base at 8 km and the cloud top at 11 km. Mid-level 
clouds are common with their base and top height around 4 km and 5 km, and very high clouds 
(around 12 km or higher) also frequently occur. The most common cloud type in autumn is low 
stratiform with the base near the surface to 4 km. The other clouds occur in middle levels. In 
winter, most clouds have lower cloud base and top than those from the other seasons probably 
due to relatively weak temperature and moisture forcing and smaller surface heat fluxes. The 
CRM is able to represent several major non-precipitating cloud types such as thick mid-level 
cloud and stratiform cloud at low, mid and high levels as observational distributions show. 
Generally, it is shown that observed cloud occurrence distributions are well represented by the 
CRM except very frequent high-level clouds in observations. These less frequent high-level 
clouds in the CRM are possibly caused by the representation of the ice microphysical processes. 
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The cloud ice particles in the high altitudes in the CRM domain might be too easily converted to 
snow or graupel. The modification of ice fall speed would be the key point to solve the problem. 
The relationship between ice fall speed and mixing ratio from observational estimates will be 
used to improve the representation of ice fall speed in the CRM. 
Following a similar methodology as Mace et al. (2006), about 75% of overcast columns 
from the CRM are classified into specific cloud types and the other 25% overcast columns are 
mixed or not classifiable types including multi-layered clouds. Low and thick middle clouds are 
most frequent types (about 60%) in the CRM, and thick high cloud most infrequently occurs in 
the CRM. From January to September the occurrence frequency tends to decrease for all CRM 
clouds in spite of some fluctuation in the frequency. About 13% of the CRM-produced clouds 
exist in November, while only about 4% of the clouds are produced in September. As the most 
common cloud type in the CRM, low-level clouds are very frequently formed in winter. About 
25% of low clouds are generated in December, while August has only about 2% of low-level 
clouds. About 70% of thick middle clouds occur in spring and summer. In winter, thick middle 
clouds rarely exist. Thin high-level clouds are produced in summer with a frequency of 45% of 
all the thin high clouds. Deep low (i.e., deep convective) clouds are simulated more often in 
March and November with about 21% and 20% occurrence frequency, respectively. Under the 
overcast and non-precipitating condition, the CRM-produced clouds are generally in agreement 
with the observations in terms of monthly and diurnal cloud occurrence frequency. While the 
observed clouds are properly represented by the CRM in relatively frequently occurring cloud 
types (e.g., thin high and low clouds), the CRM and observations show different frequency 
distributions in less frequently occurring cloud groups (e.g., high low and deep low clouds). The 
precipitating clouds in the CRM are frequently simulated in March, October and November of 
the year 2000. The most frequent precipitating cloud is deep low cloud with the occurrence 
frequency of 37% during the whole year. 
 The simulated LWP has a maximum monthly mean value of 94.6 g m-2 in October, while 
the minimum value is 13.7 g m-2 in April. The monthly mean maximum IWP is 122.7 g m-2 in 
June, while the monthly mean IWP has a minimum value of 15.4 g m-2 in September. Due to the 
difference of synoptic structure, and the different temperature and moisture forcing profile 
between spring and fall, there are much more ice clouds in spring, while liquid clouds is more 
dominant in fall. The seasonal and diurnal distributions of LWP and IWP are mostly governed by 
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those distributions of the deep convective cloud. The CRM-produced LWC and LWP fields agree 
reasonably with the observations in the large and medium LWP groups. In the small LWP group, 
however, the two observations (CPC and MICROBASE) have significant discrepancies although 
the CPC contains a known artifact in this category. In the IWC and IWP fields, it appears that 
there is a general decreasing tendency of the peak of IWC from small IWP to large IWP group in 
both the model and observations. The CRM has a near surface peak of IWC in small IWP group 
that is not shown in the observations. 
All non-precipitating clouds from the CRM tend to have smaller occurrence frequency of 
large LWP and IWP (100-1000 g m-2) compared to the observations. For the medium range 
clouds (10-100 g m-2), the CRM produced more LWP and less IWP compared to the observations. 
Optically thick mid-level clouds are likely to have medium values of LWP and IWP in the 
simulations and observations. Optically thin high-level clouds are constituted with small LWP 
and IWP in the CRM, while the observational thin high clouds have medium LWP and IWP. 
Low-level clouds are composed with medium LWP and IWP. However, in the CRM, the small 
IWP also has a large portion. Deep convective clouds have large LWP and IWP. The small size of 
ice particle is very significant to construct high- and low-level clouds in the CRM. The model 
might allow small amounts of ice to be created from higher clouds that falls into the surface layer. 
For the precipitating clouds in the CRM, the clouds tend to have large values of LWP and small 
and medium values of IWP. The precipitating deep convective clouds have large LWP and IWP 
(e.g., greater than 100 g m-2).  
The seasonal daytime frequency distributions of cloud optical depth from the CRM agree 
reasonably with major features recorded by the observations. The seasonal distributions of cloud 
optical depth are consistent with those of cloud occurrence frequency and LWP indicating that 
the time periods with higher frequency of cloud have optically thicker clouds. In terms of the 
comparison between one point ground measurement and model simulations, the results can be 
affected by domain size of the model. However, the effect of domain size is negligible if long-
term cloud statistics are considered. 
For all CRM clouds, the yearly-averaged net cloud radiative forcing in the atmosphere is 7.4 
W m-2 results from small solar heating and longwave heating in the atmosphere. The small 
longwave heating is primarily due to frequently occurring optically thick mid-level clouds. Low-
level clouds have the strongest net cooling effect (35.0 W m-2) in the atmosphere. Thick mid-
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level clouds have strong net heating (68.3 W m-2) in the atmosphere and cooling (-116.1 W m-2) 
at the surface. Thick mid-level clouds have net radiative cooling (-1 K day-1) above 7 km and 
warming (1 K day-1) below 7 km, while low clouds have strong longwave cooling (-4 K day-1) 
near the surface leading strong cooling effect in net. Thin high clouds have 0-1 K day-1 net 
radiative warming through the most troposphere. Deep convective clouds have net radiative 
cooling (-2 K day-1) above 6 km and heating (2.2 K day-1) below that level due to strong 
longwave radiative cooling (-2.6 K day-1) at 8 km and heating (2.6 K day-1) at 3 km. Both CRM 
and CPC produced similar vertical profiles of shortwave radiative heating rates for non-
precipitating clouds. The longwave radiative heating rates from the observational estimates are 
represented by the CRM, but upper tropospheric longwave cooling rates between the model and 
observations have discrepancies in height and magnitude, which is due to the differences in high-
level clouds. For the precipitating clouds, which are optically thicker, the longwave cooling and 
heating are greater than those for the non-precipitating clouds. 
The CRM used in this study was tested with the 200-m horizontal resolution (vertical 
resolution also being increased, 100 m up to a height of 2 km, then increasing linearly from 100 
m to 500 m near the model top) and three-dimensional (3D) framework in the simulations of 
GATE cloud systems (Grabowski et al. 1998). It was shown that as long as high-frequency 
temporal variability is not the major focus, low-resolution 2D simulations can be used as 
realizations of tropical cloud systems in climate problems and for improving and/or testing cloud 
parameterizations for large-scale models. Several short-term runs have been done using 1 and 2-
km resolutions with the ARM forcing data. The impact of resolutions on ensemble means and 
daily evolution are negligibly small. However, the fine grid size including the vertical resolution 
could have large impact on the simulation of shallow convection and cirrus clouds. The 3D 
simulations will be needed if the CRM-produced properties are used to study the convective 
momentum transports. 
    The comparison of the 2D CRM-simulated clouds to the observations gives not only the 
confidence of the CRM clouds but also some shortcomings of either the CRM or observations. 
The cloud ice parameterization in the CRM needs to be improved to represent higher-level 
clouds above 8 km. The ISUCRM will adopt a new two-moment microphysical parameterization 
scheme which is composed of six hydrometeor classes: cloud water and rain for the liquid 
spectra, and ice crystals, snow, graupel and hail for the ice spectra. It is a significant 
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improvement over the current microphysical scheme which employs crude representations of 
liquid processes and a much simpler two-moment two-class ice treatment. Also, a multi-year 
CRM simulation will be conducted to investigate annual variation of cloud characteristics and 
their impact on radiative properties. 
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CHAPTER 5. ANALYSIS OF SUBGRID CLOUD VARIABILITY 
 
1. Introduction 
The radiative energy balance in GCMs is very sensitive to the representation of clouds. 
Most of GCMs do not have the grid box small enough to plausibly resolve the cloud-scale 
structure. In order to include the cloud effects on radiation calculation in GCMs, there has been 
much effort to develop numerous parameterization schemes (e.g., Cess et al. 1989; Browning 
1994; Flowler et al. 1996; Jabouille et al. 1996; and many others). However, clouds in many 
GCMs have been represented as horizontally homogeneous across each level of the grid box. 
This introduces significant biases in the top of the atmosphere (TOA) radiative energy budget 
(e.g., Cahalan et al. 1994; Pomroy and Illingworth 2000). In addition, the radiation 
parameterizations are very sensitive to the spatial and temporal distribution of cloud systems 
(Webster and Stephens 1984; Ramanathan et al. 1989; Kiehl et al. 1994). The horizontal and 
vertical distributions of clouds strongly affect the radiative properties in GCMs (Manabe and 
Strickler 1964; Geleyn and Hollingsworth 1979; Stephens 1984). Since the simplified 
parameterizations is mandatory in a GCM which has the horizontal resolution of several hundred 
kilometers, some studies have been conducted to approximate the effects of cloud horizontal 
inhomogeneity and vertical overlap on radiation calculation in GCM simulations (e.g., Cahalan 
et al. 1994; Liang and Wang 1997; Tompkins 2002; Li et al. 2005; Wood et al. 2005). 
Hogan and Illingworth (2003) parameterized the ice cloud inhomogeneity in terms of the 
horizontal grid-box size, vertical shear of the horizontal wind, and vertical position of clouds 
using cloud radar and aircraft data during the European Cloud Radiation Experiment (EUCREX). 
They found that the probability distribution of ice water content within a grid box is well 
represented by a lognormal or gamma distribution. Recently, Shonk and Hogan (2008) 
parameterized the cloud horizontal inhomogeneity using the probability distribution function of 
cloud water content and reported that the new scheme has much less biases in shortwave (SW) 
and longwave (LW) budgets than one simulated with the homogeneous clouds. In order to 
investigate the cloud inhomogeneity, there have been observational studies using satellite data 
(Cahalan et al. 1994, 1995; Barker 1996; Oreopoulos and Davies 1998; Pincus et al. 1999; Gu 
and Liou 2006). Oreopoulos and Cahalan (2005) showed monthly climatology of cloud 
inhomogeneity in terms of global scales from Moderate Resolution Imaging Spectroradiometer 
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(MODIS) Atmosphere Level-3 data. Geographical, diurnal, and seasonal changes of 
inhomogeneity parameters are examined separately for liquid and ice phases. Due to the large 
spatial scales of satellite data (e.g., 1˚X1˚ to 4˚X5˚) compared to cloud scale, however, these 
studies could not explain the cloud inhomogeneity inside clouds. Wood et al. (2005) investigated 
the cloud horizontal inhomogeneity using radar and lidar observations produced by the 
Atmospheric Radiation Measurement (ARM) program, and parameterized the inhomogeneity 
using the covariance between the cloud optical property and radiance field for a GCM. 
Cloud vertical distribution has also been a significant issue in the radiation calculation. It 
has been a common assumption that cloudy layers separated by cloud-free layer exhibit a random 
overlap, while vertically contiguous cloudy layers are maximally overlapped (Geleyn and 
Hollingsworth 1979). Tian and Curry (1989) quantitatively examined the cloud overlap problem 
using the 15-level U.S. Air Force 3D Nephanalysis (3DNEPH) product over the North Atlantic 
Ocean. They showed that the random overlap assumption tends to underestimate the total cloud 
fraction for large grid sizes, suggesting a tendency toward minimal overlap for the grid boxes 
with discrete cloudy layers. Hogan and Illingworth (2000) investigated the cloud overlap 
characteristics using ground-based radar cloud profiles from Chilbolton, United Kingdom for 
three winter months. They found that cloudy layers in vertically contiguous clouds showed a 
maximum overlap only when they are close to each other, while the overlap became random 
when the separation distance between cloudy layers increases. However, Mace and Benson-Troth 
(2002) found that cloudy layers within the same cloud tended to exhibit a maximum overlap 
even for much larger separations using radar vertical profiles at ARM Southern Great Plains 
(SGP) and Tropical Western Pacific (TWP) sites. They also found that cloudy layers within the 
same cloud showed a transition from maximum to random overlaps for greater separations 
during summer compared to winter. Recently, Naud et al. (2008) investigated how dynamics and 
atmospheric state affect cloud overlap characteristics using ground based radar and lidar data 
from ARM sites and NOAA Rapid Update Cycle (RUC-2) reanalysis. They reported that a strong 
synoptic-scale upward motion induces the maximum overlap over ARM SGP in winter. Also in 
the tropics, clouds are maximally overlapped as convective instability increases. The cloud 
overlap, however, exhibits a transition from maximum to random overlaps with atmospheric 
subsidence in midlatitudes or with convectively stable situations in the tropics, respectively. 
In this chapter, the characteristics of cloud horizontal inhomogeneity and vertical overlap 
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and their effects on radiative properties are investigated using the year-long CRM simulations. 
Section 2 briefly presents the analysis method. The cloud inhomogeneity and its impact on 
domain mean radiative properties are presented in section 3. Section 4 examines the cloud 
vertical overlap and its effect on radiative properties. A summary is given in section 5. 
 
2. Methodology 
Diagnostic radiative transfer calculations are conducted in this study using the same 
radiation scheme as in the ISUCRM. All the diagnostic calculations consider binary clouds (i.e., 
completely overcast or clear sky) in each grid box at an individual level of every 3-km column. 
We define a grid box at a given level to be completely overcast if the sum of liquid and ice water 
path (i.e., cloud water path) exceeds a threshold of 0.5 g m-2 or otherwise totally clear-sky, 
because cloud water path smaller than the threshold has negligible effect on SW and LW flux at 
the surface and TOA (Wu and Moncrieff 2001). The radiative fluxes and heating rates are 
calculated for each column, and the values of 200 columns are then averaged to get the means. 
Several diagnostic radiative calculations were done by Wu et al. (2002) and Wu and Liang 
(2005) to investigate the impact of subgrid cloud inhomogeneity on the radiative fluxes using 
month-long CRM simulations. In this study, the similar diagnostic calculation (D1) is conducted 
to estimate the cloud inhomogeneity effect on radiative properties considering the year-long 
CRM simulation. To remove the cloud horizontal inhomogeneity, the cloud optical properties 
(including emissivity, extinction optical depth, single scattering albedo, asymmetry parameter, 
and forward scattered fraction), temperature and water vapor mixing ratio for each cloudy grid 
box are replaced by the mean value over the cloudy boxes at a given level. However, the mean 
vertical profile and standard deviation of cloud fraction are the same as the full CRM approach. 
Because the cloud emissivity is an exponential function of cloud water path, the mean emissivity 
averaged over all 200 columns is different from that calculated using the 200-column mean cloud 
water path. Therefore, by conserving the cloud optical properties instead of cloud water path 
(e.g., Barker et al. 1999; Wu and Liang 2005; Xu 2005) over the domain, the parameterization of 
cloud optical properties will not affect the difference between the CRM and D1. As the CRM 
approach, the radiative transfer is calculated for each column and the mean radiative fluxes and 
heating rates are obtained by averaging all 200 columns. The removal of inhomogeneity of 
temperature and moisture fields has negligible effect on the domain-averaged radiative fluxes 
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(Wu and Liang 2005). Thus the difference between the CRM approach and D1 mainly represents 
the effect of cloud horizontal inhomogeneity. 
Based on the approach introduced by Cahalan et al. (1994), the reduction factor (i.e., cloud 
inhomogeneity parameter) is adopted in another diagnostic radiative calculation (D2) to 
represent the effect of cloud horizontal inhomogeneity on domain mean radiative properties. The 
procedure for D2 is similar to that for D1 but the cloud optically inhomogeneity is included by 
multiplying the domain-averaged cloud water path with the reduction factor. The relationship 
between the reduction factor and total cloud fraction is obtained using the year-long CRM 
outputs. 
To investigate cloud overlap effects on radiative properties, three diagnostic radiation 
calculations similar to D1 are conducted by redistributing CRM-simulated clouds using the 
maximum, minimum and random overlap assumptions (MAX, MIN and RAN: Tian and Curry 
1989), respectively. Since the domain mean cloud optical properties are identical, the 
performance of three cloud overlap assumptions can be examined against D1. 
 
3. Cloud horizontal inhomogeneity 
In the CRM domain, examples of horizontally inhomogeneous and homogeneous clouds are 
illustrated in Fig. 38. The homogeneous field is the same as inhomogeneous field in cloud 
horizontal and vertical location and domain-averaged profiles of cloud properties as described in 
the previous section. To quantify the cloud horizontal inhomogeneity in the CRM, we adopt the 
inhomogeneity parameter χ, first introduced by Cahalan et al. (1994). This parameter is defined 
as a ratio of the logarithmic and linear averages of cloud optical depths: 
τ
χ
τlne
= , 10 << χ , 
where ττττ dp )(∫=   and  ττττ dp )(lnln ∫=  (Oreopoulos and Cahalan 2005). )(τp  is the 
probability distribution function of cloud optical depth τ. If χ is close to 0 the clouds are 
horizontally more inhomogeneous, while the value close to 1 indicates more homogeneous 
clouds. The cloud optical depth is calculated from the liquid water path (LWP) and ice water path 
(IWP) using the same method by Wu et al. (2008). Averaged cloud inhomogeneity parameters 
are calculated for all cloudy cells in the CRM domain at every 15-min interval. The seasonal 
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frequency distribution of the inhomogeneity parameters are shown in Fig. 39. There is an 
obvious seasonal variation in distributions and mean values. Clouds in spring are slightly more 
inhomogeneous; the mean is 0.44. The parameter of 0.2-0.25 has the largest frequency of ~9%. 
In summer, the CRM-produced clouds are much more inhomogeneous with 0.37 of mean value. 
The occurrence frequency is about 40% for the clouds whose values of inhomogeneity parameter 
are in 0.1-0.3. Only about 6% of frequency is occupied by relatively homogeneous clouds with 
the values greater than 0.8. The inhomogeneous and homogeneous clouds almost equivalently 
occur in fall. However, the clouds in winter are relatively more homogeneous; the mean value of 
the parameter is 0.71. Over 40% of the winter clouds have large parameter values greater than 
0.8. Only a few inhomogeneous clouds occur in winter. The seasonal variability of cloud 
inhomogeneity is primarily caused by the seasonal variation of temperature and moisture forcing 
(Wu et al. 2008). Relatively greater forcing in summer frequently leads deep convective clouds 
which have more inhomogeneity usually, while weaker forcing in winter is like to generate more 
homogeneous clouds. Due to relatively more frequent occurrence of deep convective cloud in 
spring (chapter 4), there is slightly greater inhomogeneity in spring than autumn. 
The seasonal mean profiles of the inhomogeneity parameter χ are shown in Fig. 40. 
Relatively inhomogeneous clouds exist at 3-4 km during the whole seasons except winter. The 
values of the parameter at the height are about 0.52, 0.35 and 0.49 for spring, summer and 
autumn, respectively. Near-surface clouds and high-level clouds are more homogeneous than the 
other clouds possibly due to the frequent occurrence of stratus clouds at those altitudes (chapter 
4). Winter clouds are more homogeneous through the entire troposphere. 
    In order to examine the contribution of cloud phase to the cloud inhomogeneity, the 
parameter is separately calculated for liquid and ice clouds. Figure 41 shows seasonal mean 
profiles of the cloud inhomogeneity parameter for LWP. Seasonal mean profiles are very similar 
through the four seasons, and not much varied in vertical. The parameters are about 0.7 below 5 
km, 0.8-0.9 near the surface, and about 0.8 above 5 km. The seasonal mean profiles of the cloud 
inhomogeneity parameter for IWP, however, have very obvious vertical and seasonal variations 
(Fig. 42). The ice cloud inhomogeneity is greater around 1-3 km than the other altitudes with the 
parameters of 0.40, 0.35, 0.45 and 0.70 for spring, summer, fall and winter, respectively. In 
comparison with Fig. 40, the seasonal variation of the parameter for IWP in Fig. 42 is very 
similar to that for total cloud optical depth, which reveals that the cloud horizontal 
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inhomogeneity is primarily governed by cloud ice. 
    To examine the effect of cloud inhomogeneity on radiative properties, the diagnostic 
radiative calculation, D1, is conducted as described in section 2. Seasonal scattered diagrams of 
upward SW flux between CRM and D1 at TOA are illustrated in Fig. 43. The discrepancies 
between the two approaches indicate how much the cloud inhomogeneity influences on the 
radiative flux. The effect of the inhomogeneity is much greater in spring and summer than fall 
and winter. The D1 calculation without cloud inhomogeneity exaggerates the SW flux due to the 
greater reflection on the cloud top. The root-mean-squared errors (RMSEs) between the two 
calculations are 29.1, 27.8, 12.2 and 5.9 W m-2 for spring, summer, fall and winter, respectively. 
The greater discrepancies in spring and summer are due to the relatively larger cloud horizontal 
inhomogeneity in the two seasons (Fig. 39). The cloud inhomogeneity effect in winter is much 
smaller as relatively homogeneous clouds usually exist. The cloud inhomogeneity effect on the 
outgoing longwave radiation (OLR) at TOA is shown by seasonal scattered diagrams between 
CRM and D1 in Fig. 44. Similar to the effect on SW flux, the impact on the OLR is greater in 
spring and summer than the other two seasons. The D1 underestimates the OLR due to the much 
obstruction of LW flux from the surface by clouds. The RMSEs between CRM and D1 are 12.7, 
10.8, 7.7 and 6.1 W m-2 for spring, summer, fall and winter, respectively. Based on the seasonal 
RMSEs for the upward SW and OLR at TOA, the cloud inhomogeneity effect on the SW flux is 
larger in spring and summer than in fall and winter, while the effect on the OLR is always great 
for the four seasons. 
    In most GCMs, the radiative transfer calculation has been done using a profile of total cloud 
fraction and cloud condensate over a grid box. Cahalan et al. (1994) found that the traditional 
approach significantly overestimates cloud albedo, and proposed a reduction factor χ to 
approximate the cloud inhomogeneity effect on radiative transfer calculation. Using the every 
15-minute data of the year-long CRM simulation, the relationship between the reduction factor 
and total cloud fraction is illustrated in Fig. 45. The result indicates χ is larger as cloud coverage 
of the CRM domain is close to cloud-free or overcast, while relatively smaller for total cloud 
fraction is around 0.6. This relationship can be parameterized by a parabolic distribution, 
χ  1.101TC 	 1.338TC  0.792, where TC is the total cloud fraction. The total cloud fraction 
from the CRM is the fractional cloud coverage over 200 columns. Thus multiplying the 
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calculated χ to domain mean cloud LWP and IWP, the diagnostic radiative calculation D2 is 
performed to examine how the parameterization represents the cloud inhomogeneity effect on 
radiative properties. 
    Figure 46 shows seasonal scattered diagrams of upward SW flux between CRM and D2 at 
TOA. From the comparison with Fig. 43, the biases in D1 are reduced in D2. All data points 
were above the diagonal line with some points on the line for the SW flux in Fig. 43, while the 
data points are distributed close to the diagonal lines for the four seasons in Fig. 46. The RMSE 
values between CRM and D2 are also reduced to 17.0 and 16.0 W m-2 for spring and summer, 
respectively. However in fall and winter, the RMSEs increase slightly to 13.2 and 9.7 W m-2, 
which is caused by the fact that the parameterized reduction factor based on the year-long CRM 
data is slightly smaller for fall and winter. From seasonal scatter diagrams of the total cloud 
fraction versus reduction factor, it is found that the reduction factor during fall and winter is 
slightly greater than the other seasons (not shown). Also, the D2 simulation much reduces the 
biases in OLR at TOA (Fig. 47). Compared to Fig. 44, all data points are much closer to the 
diagonal line. The RMSE values are also reduced to 9.1, 8.0, 5.9 and 4.7 W m-2 for the four 
seasons, respectively. 
    The three radiative transfer calculations (i.e., CRM, D1 and D2) are compared in terms of 
radiative heating rates. Figure 48 shows seasonal mean profiles of D1-CRM and D2-CRM for 
SW, LW and total cloud radiative heating rates. The cloud radiative heating rate is obtained using 
the all-sky minus clear-sky values. With horizontally homogeneous clouds, the D1 exaggerates 
the impact of cloud optical properties on SW and LW radiative heating rates for the four seasons. 
The solar heating at 7-9 km is about 0.15 K day-1 greater than the CRM, while the SW cooling is 
0.05 K day-1 smaller below 5 km in spring and summer. The overestimation of cloud effects on 
the SW heating rate in fall and winter is relatively smaller. The LW cooling above cloud top and 
the LW heating below are also overestimated in D1 during the four seasons. The cloud cooling at 
8-9 km from D1 is greater than the CRM by 0.35, 0.35, 0.15 and 0.10 K day-1 for spring, summer, 
fall and winter, respectively. Also, the cloud warming at 3-6 km in D1 is larger the CRM by 
about 0.25, 0.35, 0.20 and 0.10 K day-1 for the four seasons, respectively. As a result of the 
overestimation of cloud effects on SW and LW heating rates in D1, net radiative heating rates by 
clouds are smaller than CRM by about 0.20, 0.25, 0.10 and 0.10 K day-1 above 7 km, while 
greater than CRM by about 0.30, 0.35, 0.20 and 0.10 below 7 km for the four seasons. With the 
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parameterized cloud inhomogeneity, the D2 is much closer to the CRM compared to the D1 in 
terms of radiative heating rate. During spring and summer, the cloud impacts on SW and LW 
radiative heating rates are slightly exaggerated in D2. The discrepancies in the SW radiative flux 
are small (less than 0.07 K day-1 compared to the CRM) through the entire troposphere, while the 
cloud LW cooling and warming above and below 6 km is 0.1 K day-1 greater in spring and 0.15 
K day-1 greater in summer, respectively. In fall and winter, SW radiative heating rates are very 
close to those from CRM. The D2 overestimates the cloud cooling and warming effect on LW 
radiative heating rates, but the biases are smaller than 0.05 K day-1. In winter, LW radiative 
heating rates are underestimated by D2. The cloud LW cooling near the surface by low level 
clouds is underestimated by about 0.15 K day-1. The LW cooling above 7 km and the warming 
below are underestimated by about 0.1 K day-1. These analyses suggest that the parameterization 
using the relationship between the reduction factor and total cloud fraction can capture the 
dominant effects of cloud inhomogeneity on SW and LW radiative fluxes and heating rates. 
 
4. Cloud vertical overlap 
    The representation of cloud vertical distribution in radiative transfer calculations is equally 
important like the cloud horizontal inhomogeneity (Wu and Liang 2005). In order to examine 
cloud vertical overlap effect on radiative properties, three existing overlap assumptions, i.e., 
maximum, minimum and random overlap assumptions (Tian and Curry 1989) are evaluated 
using the CRM outputs, 
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where A1, A2, …, An are the cloud fractions for each layer, and TC is the total cloud fraction from 
each assumption. The cloud fraction for each layer is calculated by the ratio of cloudy grids and 
all 200 grids in the CRM domain. Figure 49 illustrates seasonal scattered diagrams of total cloud 
fractions for CRM versus three overlap assumptions based on daily mean values. The total cloud 
fractions from the CRM are obtained by the actual fractional coverage of the cloudy columns in 
the CRM domain. Annual and seasonal means of total cloud fractions from CRM and three cloud 
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overlap assumptions are listed in Table 6. The maximum overlap assumption underestimates the 
total cloud fraction for the four seasons, and seasonally averaged total cloud fractions are smaller 
than CRM by about 0.08, 0.10, 0.22 and 0.04 for spring, summer, fall and winter, respectively. 
The minimum overlap assumption overestimates the cloud fraction during the four seasons, and 
Seasonal mean discrepancies from the CRM values are 0.25, 0.22, 0.14 and 0.12 for spring, 
summer, fall and winter, respectively. The random overlap assumption also tends to produce the 
total cloud fraction greater than the CRM for the four seasons, but smaller than the minimum 
overlap assumption. Seasonal mean cloud fractions from the random overlap assumption are 
larger than the CRM by about 0.19, 0.16, 0.10 and 0.09 for the four seasons, respectively. 
Compared to the CRM, the minimum and random overlap assumptions exaggerate the annual 
mean of total cloud fractions by about 0.18 and 0.13, respectively, while the maximum overlap 
assumption underestimates the annual mean by about 0.08. The vertical distribution of CRM-
simulated clouds is between the maximum and random overlap, but winter clouds are more 
maximally overlapped. 
    Based on the three cloud overlap assumptions, the CRM-produced cloud fields are 
redistributed. Figure 50 demonstrates an example of the CRM-generated cloud overlap and 
redistributed overlaps by the three assumptions in the same domain. For the maximum or 
minimum overlaps, first of all, the cloudy cells in each CRM level are sorted to a horizontally 
continuous cloudy layer. The sorted cloudy layers for each CRM level are overlapped maximally 
or minimally, so that the total cloud fractions from the maximally or minimally overlapped cloud 
fields are the same as TCmax and TCmin, respectively. For the redistribution of random overlap, 
however, the cloudy columns in each level are redistributed by a random generator, which results 
in the fractional coverage of the randomly redistributed clouds is slightly different from the 
calculated TCran. The RMSEs between the total cloud fraction from the randomly overlapped 
cloud fields and TCran are smaller than 0.02 throughout the four seasons, which supports the 
approximated value, TCran is acceptable in a certain error range. Using the redistributed cloud 
fields, the diagnostic radiation calculations for the maximum (MAX), minimum (MIN) and 
random (RAN) cloud overlaps are conducted to estimate the domain-averaged radiative fluxes 
and heating rates. To extract the cloud vertical overlap effect on the radiative properties, the 
diagnostic calculations are compared to D1 which has the homogeneous clouds and the same 
cloud overlap as the CRM. The domain-averaged cloud effect on SW and LW radiative fluxes is 
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underestimated by the MAX, while the MIN and RAN overestimates the cloud effects than the 
D1 calculation for the four seasons. This is mainly caused by the differences of total cloud 
fractions between D1 and three diagnostic calculations. Table 7 shows annual and seasonal 
RMSEs of the upward SW flux and OLR at TOA between the D1 and MIN, MAX and RAN. 
Corresponding to the differences of total cloud fractions between the CRM and three cloud 
overlaps (Table 6), the MIN has very large RMSEs of SW and LW fluxes in annual and seasonal 
perspectives, while the MAX has relatively smaller RMSEs. Since the RMSEs for the SW and 
LW fluxes are greater in spring and summer than in fall and winter, the cloud vertical overlap 
effect on the radiative fluxes is larger in spring and summer. The overlap effect in winter is 
relatively smaller than the other seasons. The cloud radiative heating rates from the three 
diagnostic radiation calculations are compared to those from the D1 in Fig. 51. The heating rates 
of the MAX are relatively closer to those of D1 in SW and LW heating rates for the four seasons. 
The discrepancies in SW and LW radiative heating rates are generally smaller than 0.1 K day-1 
during the entire year. Since the cloud coverage of the MAX is smaller than D1, the SW warming 
on cloud top, LW cooling on cloud top, and LW warming on cloud base are slightly 
underestimated. The MAX evidently underestimates the LW heating on cloud base in summer. 
The MIN and RAN calculations generally overestimate the cloud effects on SW and LW heating 
rates. The SW warming and LW cooling on cloud top, and SW cooling and LW warming below 
clouds are obviously exaggerated throughout the four seasons. However, the discrepancies from 
the RAN are somewhat smaller compared to the MIN. In terms of domain- and seasonal-
averaged cloud radiative heating rate, the MIN and RAN have discrepancies of 0.1 K day-1 in the 
SW heating rate. The discrepancies are 0.3 and 0.2 K day-1 for the MIN and RAN, respectively, 
in the LW heating rate. However, the discrepancies from the three cloud overlap assumptions are 
very small in winter that has relatively smaller radiative fluxes than the other seasons. 
 
5. Summary 
    The characteristics of cloud horizontal inhomogeneity and vertical overlap and their effects 
on radiative properties are investigated using the year-long CRM simulations over the ARM SGP. 
More inhomogeneous clouds are simulated by the CRM during summer with a seasonal mean 
inhomogeneity parameter of 0.37, but more homogeneous clouds are produced in winter as 
quantified by the inhomogeneity parameter of 0.71. These are because summer clouds frequently 
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exist as optically thick clouds or deep convective clouds due to the strong large-scale 
temperature and moisture advective forcing, while stratiform clouds frequently occur near 
surface in winter due to the relatively weak forcing (chapter 4). Spring and fall clouds have the 
mean inhomogeneity parameter around 0.5 which reflects a relatively uniformed distribution of 
the occurrence frequency. The inhomogeneity parameter of the ice clouds shows stronger 
seasonal and vertical variations than the liquid clouds. 
To estimate the effects of cloud horizontal inhomogeneity on radiative fluxes and heating 
rates, the diagnostic radiation calculation with horizontally homogeneous clouds is performed 
and compared with the CRM outputs. The cloud horizontal inhomogeneity in the CRM 
simulation reduces domain mean upward SW flux and increases domain mean OLR at TOA. The 
cloud inhomogeneity also decreases the LW cooling and SW heating at the cloud top, and LW 
heating at the cloud base. The effects of the cloud inhomogeneity on SW and LW radiative fluxes 
and heating rates are greater in summer, when deep convective clouds frequently occur with 
many ice particles inside, than the other seasons. The parameterization of the inhomogeneity 
parameter (reduction factor) in terms of the total cloud fraction is derived using the year-long 
CRM simulations. The radiation calculation with the inhomogeneity parameterization produces 
SW and LW radiative fluxes and heating rates comparable to the CRM. 
The three cloud overlap assumptions (i.e., the maximum, minimum and random overlap) are 
evaluated by the CRM simulations. The minimum and random overlap assumptions 
systematically overestimate the total cloud fraction compared to the CRM, while the maximum 
overlap assumption systematically underestimates it. The diagnostic radiation calculations with 
the minimum and random overlap assumptions intensify domain mean SW heating and LW 
cooling at the cloud top, compared to the CRM simulations, and increase domain mean LW 
heating at the cloud base especially in spring and summer. The radiative calculation with the 
maximum overlap assumption slightly reduces domain mean SW heating and LW cooling at the 
cloud top, and decreases the LW heating at the cloud base. These cloud overlap effects on 
radiative heating rate by the three cloud overlap assumptions are relatively small in fall and 
winter. This demonstrates that simple cloud overlap assumptions cannot accurately represent the 
subgrid cloud vertical overlap effects on radiative properties in GCM simulations. In order to 
incorporate the subgrid cloud overlap effects in the radiative transfer calculation in GCMs, more 
physically-based cloud distribution scheme that treats characteristic structure differences among 
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major cloud types such as convective, anvil and stratiform clouds is required. The mosaic 
approach of cloud-radiation interactions developed by Liang and Wang (1997) and evaluated 
against a month-long CRM simulation by Liang and Wu (2005) offered a promising way to do 
just that. The cloud statistics from the year-long CRM simulations should provide more robust 
data to further improve the mosaic approach. 
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CHAPTER 6. MOSAIC TREATMENT OF 
 SUBGRID CLOUD DISTRIBUTION FOR RADIATION CALCULATION 
 
1. Introduction 
Cloud systems are often observed to appear with obvious vertical overlap and horizontal 
inhomogeneity (Hahn et al. 1982, 1984). It has been a major challenge to represent these cloud 
systems and their interactions with radiation in general circulation models (GCMs). Since clouds 
in a GCM grid are assumed to be horizontally homogeneous, the cloud vertical overlap and 
horizontal inhomogeneity cannot be explicitly treated. To approximate the impact of cloud 
horizontal inhomogeneity and cloud vertical overlap on radiative properties, there have been 
many studies (Geleyn and Hollingsworth, 1979; Cahalan et al. 1994; Moncrette and Jacob 2000; 
Tompkins 2002; Hogan and Illingworth 2003; Stephens 2004; Wood et al. 2005; Shonk and 
Hogan 2008). In addition, observational quantification of the cloud-radiation interactions is 
difficult because complete observations of cloud systems are impossible and available 
measurements are very limited in temporal and spatial. However, cloud-resolving models (CRMs) 
provide a unique opportunity to study this issue. Most mesoscale phenomena can be explicitly 
resolved in CRM simulations considering cloud microphysical processes and cloud-radiation 
interactions. 
According to the previous studies and the analysis in the last chapter, it is obvious that no 
simple cloud overlap assumption is able to properly represent cloud overlap impact on domain 
mean radiative properties. In order to incorporate the cloud vertical association and horizontal  
inhomogeneity effects in radiative transfer calculations, physically-based cloud distribution 
scheme that explicitly treats characteristic structure differences among major cloud types such as 
convective, anvil and stratiform clouds is required. Liang and Wang (1997) developed a mosaic 
approach for GCM simulations to incorporate subgrid cloud-radiation interactions considering 
the division of a GCM grid into multiple subcells with inherent geometric associations and 
distinct optical properties of three cloud types (convective, anvil and stratiform clouds) predicted 
by the GCM. The validation of this mosaic approach was performed by Liang and Wu (2005) 
using the CRM simulation during the 1997 ARM IOP period in terms of radiative fluxes and 
heating rates. They found that the mosaic approach of cloud overlap and optical inhomogeneity 
can capture the primary impacts of cloud geometric association and optical property variability 
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within a GCM grid. 
In this chapter, the cloud distribution scheme in the mosaic approach is considered as a 
physically-based cloud distribution method instead of simple cloud overlap assumptions for 
subgrid cloud variability in a GCM grid. The purposes of this study are to adopt the cloud 
distribution mechanism from the mosaic approach for the application with an independent 
radiative transfer scheme, and to evaluate the mosaic-distributed clouds and their impacts on 
radiative properties against the year-long CRM simulations. The mosaic treatment is briefly 
introduced in the next section. The cloud distribution scheme is separated from the original 
mosaic approach and validated with a month-long CRM simulation in section 3. The cloud 
distribution scheme is further evaluated using the year-long CRM simulations in section 4. A 
summary is given in section 5. 
 
2. Mosaic treatment for subgrid cloud distribution 
Liang and Wang (1997) considered the subgrid cloud variability in a GCM grid to represent 
cloud-radiation interactions related to the geometric association of different cloud types. Cloud 
fraction profiles of three cloud types such as convective cloud (Cc), anvil cirrus cloud (Ci), and 
stratiform cloud (Cs) are predicted by a GCM. They created a cloud geometric association of 
three cloud types considering horizontal distributions in each layer, mixed properly in the vertical 
direction, using the three cloud fraction profiles. They adopted a mosaic approach in which a 
GCM grid is horizontally divided into N subcells, thereby considering more realistic cloud 
vertical overlap with increase of N. In order to make a physically-based cloud geometric 
association in the subcells, they considered observational statistics to make a standard for the 
cloud geometric distribution. The standard distribution of subgrid clouds can be determined from 
CRM-simulated cloud occurrence frequency as a function of cloud base and top heights. 
For the subgrid cloud distribution in the mosaic approach, first of all, the number of subcells 
needs to be chosen. The number of subcells depends on GCM grid spacing. The greater number 
of subcells would perform the better representation of subgrid cloud variability, but much 
computation time is needed. In this study, 8-subcells are considered to divide a GCM grid as 
Liang and Wu (2005) to directly compare with the previous study. Second, it is assumed that an 
individual layer within a subcell would be either totally cloudy or clear. According to the 
observational studies (i.e., Tian and Curry 1989; Dudek et al. 1996), it is shown that the 
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dominance of either completely overcast or clear skies in a mesoscale grid for all cloud amounts, 
while the frequency of partially cloudy skies is very small. This supports the fact that binary 
clouds (i.e., completely overcast or cloud-free) are prevailing in a single mesoscale grid. Each 
overcast mosaic subcell contains a specific cloud genus with individual optical properties at a 
given layer. The most significant consideration is to distinguish, within an overcast subcell, two 
cloud fractions: one with adjacent vertical association, and the other without contiguous vertical 
association. Especially, Cc, Ci and Cs in each layer are defined to be geographically discrete and 
thus minimally associated; Cc is firstly assigned to a single subcell column, while Ci is filled at 
top layer of Cc continuously through the subcells that are equally divided over the residual grid 
area; Cs is allocated by maximum-random overlap that distributes adjacent cloudy layers with 
maximum overlap and otherwise vertically discontinued cloudy layer with random overlap. One 
subcell may contain the partially residual cloud fraction to conserve the grid total cloud fraction 
at a given layer. Radiative transfer calculations are then independently conducted for each 
subcell including the distributed cloud field with Cc, Ci and Cs. To incorporate the cloud optical 
inhomogeneity effect, a scaling factor (i.e., reduction factor) is used in the radiative transfer 
scheme. Once all the radiation calculations have been done for all subcells, the mean radiative 
fluxes and heating rates over all subcells are the same as the means of GCM grid. Consequently, 
the mosaic approach is able to effectively represent the cloud vertical overlap and horizontal 
inhomogeneity impacts on radiative properties due to the physically-based cloud distribution and 
the inclusion of cloud optical inhomogeneity effect by the reduction factor. 
 
3. Cloud distribution scheme from the mosaic treatment 
The mosaic approach is a mixed scheme of cloud distribution and radiative calculation (i.e., 
the radiation transfer scheme of CCM3) mainly for saving computer times since the original 
mosaic approach increases the CPU time by about 50% primarily due to solar radiation 
calculations with 30-min intervals (Liang and Wang 1997). However, as computational power 
has been improving, the cloud distribution scheme can be applied as an independent scheme in 
GCMs. Therefore, to apply the method of cloud distribution to an independent radiative transfer 
scheme in a GCM, the cloud distribution scheme needs to be separated from the mosaic approach. 
The original mosaic treatment needs the cloud fraction profiles of three cloud types (i.e., Cc, 
Ci and Cs) as inputs that are predicted by a typical GCM. The input part in mosaic approach is 
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firstly separated and then combined with cloud distribution part. And, redistributed cloud field by 
the cloud distribution part is an output of the separated cloud distribution scheme. The 
redistributed cloud fields will be used as inputs of a radiative transfer scheme in a GCM. Thus, 
the cloud distribution scheme is decomposed with three parts: input of cloud fraction profiles, 
cloud distribution, and output of binary clouds. 
In the cloud distribution scheme, Cc clouds are firstly assigned to a single subcell using 
maximum overlap because deep convective clouds are usually continuous in vertical without 
discrete clouds. Cloud base and top heights of Cc are the same as those of the input profile of 
cloud fraction. Then, Ci clouds are continuously distributed at the top level of Cc through that 
level. If there are multiple layers of Ci from the input profile, maximum overlap assumption is 
also used within Ci types. Finally, Cs clouds are allocated by the maximum-random overlap. 
From the top to bottom of subcells, if there is a cloudy layer based on the input cloud fraction 
profile for Cs, and there is no adjacent cloudy layer, the cloudy subcells at that level are 
randomly distributed. If there are adjacent cloudy layers, the both of layers are vertically aligned 
by an identical set of random-order subcells to be distributed as a maximum overlap. From the 
cloud fraction profiles of three cloud types, a new cloud field is created with the binary clouds in 
the 8-subcells. To conserve the total cloud fraction of the layer, one subcell might have a partially 
residual cloud fraction. After all the redistribution into the 8-subcells, binary data of cloud tile 
over 8-subcells are generated as a cloud field input for a radiative transfer scheme in a GCM. 
The cloud distribution scheme with the radiation calculation is basically the same as the original 
mosaic treatment, but the application of the cloud scheme differs from the original one 
considering the radiation calculation independently. 
The performance of the cloud distribution scheme is evaluated against the original mosaic 
approach (Liang and Wu, 2005) using the month-long CRM simulation over the ARM SGP 
during the 1997 ARM IOP. For the evaluation of the cloud distribution scheme using CRM 
simulations, the three cloud fraction profiles are obtained from CRM. For each column in the 
CRM domain, a vertical layer is assumed to be uniformly filled by a cloud if its total cloud water 
path (i.e., sum of liquid and ice water path) is greater than a threshold, or otherwise completely 
cloud-free. Total cloud water path of 0.5 g m-2 is applied as the threshold of a cloudy grid in 
CRM domain since the smaller threshold of 0.2 g m-2 produces too large cloud fractions. Rain 
water and graupel (type-B ice) are neglected because their radiative effect is diminutive. The 
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CRM-based cloud frequency distribution as a function of cloud base and cloud top heights is 
required to determine the definition of major cloud types. This cloud frequency distribution 
depends on climate region (Wu et al. 2007), season and temporal length (Figs. 17 and 18). The 
total cloud water profile at each and every 3-km CRM-column is investigated to search for all 
unbroken segments of cloud layers where total cloud water path is larger than the threshold. If a 
segment has its base below 4.5 km and top above 9.5 km, it is first classified into the Cc group; 
otherwise if its base is above 9.5 km and cloud ice mixing ratio is greater than cloud liquid 
mixing ratio at the base, then the segment falls into the Ci group; all the residual clouds belong to 
the Cs group. Mean cloud fraction profiles of each cloud group in a GCM grid (i.e., the same as 
the entire domain of the CRM in this study) are determined from all respective segments over the 
entire CRM domain. The three cloud fraction profiles are used in the cloud distribution scheme 
and then redistributed into the 8-subcells. 
The redistributed cloud fields in 8-subcells are then applied in the radiative transfer 
calculation. In this study, the radiative transfer scheme of CCM3 is used to facilitate the 
validation of the cloud distribution scheme and its further evaluation against the year-long CRM 
simulations. As shown in the previous chapter, the evaluation of cloud distribution scheme using 
the CRM simulations also considers the reduction factor to incorporate the first order 
approximation of the inhomogeneity effect in radiation transfer calculation (Cahalan et al. 1994). 
The radiative transfer calculation with the cloud distribution scheme for 8-subcells is finally 
conducted using the CRM-based GCM-grid mean profiles such as the cloud fraction profiles for 
Cc, Ci and Cs and cloud liquid and ice water profiles. For the three cloud types, identical cloud 
liquid and ice water profiles are applied. 
Total cloud fractions are calculated as a fractional coverage of cloudy columns over 200 
columns and the ratio of cloudy subcells to 8-subcells for the CRM and cloud distribution 
scheme, respectively. The cloudy column or subcell is identified if there is at least one cloudy 
layer in vertical. The comparison of total cloud fraction between the CRM and two mosaic 
approaches (one is the original and the other is with the separated cloud distribution scheme) are 
illustrated in Fig. 52 indicating that the cloud scheme distributes clouds as similar as the original 
one does, although there are minor discrepancies. It is noticed that the cloud distribution schemes 
of both original and separated tend to underestimate total cloud fractions for the 1997 ARM IOP 
(26 days). The generated cloud fields by the cloud distribution scheme can be used as an input of 
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the CCM3 radiative transfer scheme. Table 8 shows grid mean net SW and LW radiative fluxes at 
the TOA and surface for 26 days. The radiation calculation with the cloud distribution scheme is 
able to reproduce almost equivalent radiative budgets as the original mosaic treatment. The 
profiles of 26 day-averaged SW, LW and total radiative heating rates from the two approaches 
are almost equivalent (Fig. 53). This evaluation indicates that the separated cloud distribution 
scheme with the radiative transfer calculation successfully reproduces the cloud fields and 
corresponding radiative properties as original mosaic approach does, and the cloud distribution 
scheme can be applied into other radiative transfer schemes in GCMs. 
 
4. Evaluation of the cloud distribution scheme with the year-long CRM simulations 
In this section, the cloud distribution scheme is further validated with the year-long CRM 
simulations to examine how the seasonal variations of cloud and radiative properties are 
reproduced. Since the CRM uses prescribed evolving surface albedo, the independent radiation 
calculation with cloud distribution scheme (MOS) also includes the evolving surface albedo for 
the evaluation. The cloud horizontal inhomogeneity parameterization using the reduction factor 
is revised considering CRM year-long statistics (Fig. 45) in the MOS. The definitions of three 
major cloud types are obtained from the annual mean cloud occurrence frequency as a function 
of cloud base and top height (Fig. 54). If a vertically contiguous cloudy column has its base 
below 4.5 km and top above 8.5 km, it is first grouped into the Cc type; otherwise if its base is 
above 9 km and cloud ice water mixing ratio is greater than liquid water mixing ratio at the base, 
the cloud falls into the Ci type; all the rest of clouds are classified into the Cs type. The cloud 
fraction profiles of three cloud types are calculated from the CRM at every 15-min sample, and 
then are used as inputs in the radiative transfer calculation. 
First of all, the total cloud fractions from MOS are evaluated against the CRM-simulated 
values in Fig. 55. Most of total cloud fractions from the MOS are smaller than those from CRM 
for the four seasons. The underestimation of total cloud fraction in MOS is primarily caused by 
the representation of Cs clouds in the MOS. When Cs clouds are dominant in a CRM domain, the 
domain-averaged cloud fraction profile of Cs is vertically continuous without separation. This 
results that MOS treats the Cs as Cc with the maximum overlap. The use of only three cloud 
types is not suitable for the evaluation of MOS with the CRM simulations. 
Figure 54 illustrates that Cs type is obviously distinguishable into two cloud types. One has 
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its cloud bases at 6 km and top at 10 km and the other is more shallow cloud below 6 km. 
Although observational studies diagnoses four cloud types such as convective cloud, anvil cirrus, 
inversion stratus, and stratiform cloud (e.g., Slingo and Slingo 1991), the inversion stratus and 
stratiform cloud are combined into a single type, Cs, in the MOS. For more proper evaluation of 
the cloud distribution scheme, Cs type from the CRM is separated into Cs1 and Cs2 types. 
Therefore, four cloud groups (i.e., Cc, Ci, Cs1 and Cs2) are further considered for the evaluation 
of cloud distribution scheme. Hereafter, the radiative transfer calculation with cloud distribution 
scheme for the four cloud groups is referred to as MOS2. To obtain the four cloud fraction 
profiles from the CRM, the same identification is applied for Cc and Ci as the MOS. Once Cc 
and Ci are grouped, if a vertically continuous cloudy segment in each column has its top below 6 
km it is classified to Cs2 type. All the rest of Cs falls into Cs1 type. The Cs1 (high-level 
stratiform) clouds in CRM have the base around 6 km and top around 10 km, and are usually ice 
clouds. The Cs2 (low-level stratiform) clouds are more shallow with the thickness less than 1 km, 
and appears below 6 km. In the MOS2, Cc and Ci are distributed by the same overlaps as MOS, 
and then the both Cs1 and Cs2 are independently distributed using the maximum-random overlap. 
The vertical distribution of Cs1 does not influence that of Cs2, so that Cs types from the CRM 
can be still redistributed as Cs types in the MOS2. The seasonal evaluation of MOS2 in total 
cloud fractions is demonstrated in Fig. 56. The errors in total cloud fractions from MOS are 
reduced in MOS2 especially in spring and winter. This is because Cs1 and Cs2 types are 
equivalently frequent in spring and winter. However, the discrepancies from MOS in summer 
and fall are not much reduced in MOS2. The separation of Cs types does not much affect in 
summer and fall because Cs1 is more dominant in summer and Cs2 is more dominant in fall than 
the other Cs type, respectively. 
The radiative fluxes from the radiative calculations with two cloud distribution schemes 
(MOS and MOS2) are also evaluated using the CRM simulations. Annual and seasonal means 
and standard deviations of SW and LW for upward (UP) and downward (DN) fluxes at the TOA 
and surface from the CRM, MOS and MOS2 are demonstrated in Table 9. In terms of annual 
mean, the differences of SW flux between the CRM and MOS are less than 2.5 W m-2, while the 
discrepancies from the MOS2 are less than 1.0 W m-2. For LW flux, the errors from the MOS and 
MOS2 are less than 3.3 and 2.8 W m-2, respectively. In terms of seasonal mean, the MOS has SW 
biases less than 7.5 W m-2, while the MOS2 has those less than 5.0 W m-2 for the four seasons. 
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The MOS and MOS2 have LW errors less than 4.0 and 3.0 W m-2 for the four seasons, 
respectively. The SW and LW flux discrepancies between the CRM and both radiation 
calculations with two cloud distribution schemes are greater in summer and smaller in winter. 
The cloud radiative forcings (i.e., all-sky minus clear-sky radiative fluxes) from the MOS 
and MOS2 are compared to those from the CRM (Table 10). The MOS2 is in better agreement 
with the CRM than MOS in annual and seasonal means and standard deviations. The differences 
between the CRM and MOS are less than 8 W m-2, while the discrepancies between the CRM 
and MOS2 are less than 6 W m-2 in annual means. Both the MOS and MOS2 have relatively 
larger differences from CRM in summer and smaller ones in winter. For example, the SW cloud 
radiative forcing from MOS and MOS2 are underestimated by about 11.8 and 10.0 W m-2 at the 
surface, respectively. The two radiative transfer calculations and CRM show comparable 
seasonal variations of LW cloud radiative forcing at the TOA and surface. The both of MOS and 
MOS2 can capture the large LW cloud radiative warming at the TOA in spring due to deep 
convective clouds, and great LW cloud radiative warming at the surface in winter due to near-
surface clouds. In summer however, the SW cloud radiative cooling is relatively smaller in the 
two radiation calculations at the TOA and surface. This is because Cs1 type is more dominant 
than the other cloud types in the CRM, which results that the cloud distribution schemes have 
smaller total cloud fractions than the CRM because of the maximum-random overlap (Figs. 55 
and 56). 
The cloud distribution schemes with the radiative calculation are further evaluated in 
seasonally-averaged radiative heating rates (Fig. 57). The differences of SW radiative heating 
rates between the mosaic approaches and CRM are less than 0.1 K day-1 for the four seasons. The 
MOS have slightly larger discrepancies from the CRM than MOS2 in terms of LW heating rate. 
The MOS2 has slightly better representation of the SW and LW radiative heating rates than MOS 
below 6 km due to the separation of Cs clouds in MOS2. The radiative heating rates from the 
both MOS and MOS2 are also evaluated in annual means (Fig. 58). The radiation calculations 
with two cloud distribution schemes properly reproduce SW and LW radiative heating rates of 
CRM with relatively small differences. The biases from both MOS and MOS2 in the SW heating 
rate are less than 0.05 K day-1 through the atmosphere. The two radiative transfer calculations 
slightly underestimate the SW heating at 8 km but exaggerate it at 3 km. In terms of LW heating 
rate, the MOS and MOS2 have little smaller LW heating around 3 km. The total radiative heating 
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rates from two radiation calculations are then slightly smaller above 2 km, and larger below 1 km. 
The biases on total radiative heating rate are within 0.05 K day-1 through the troposphere. 
As shown in the evaluation, the cloud distribution schemes with the radiation calculation 
properly reproduce the total cloud fractions, radiative fluxes, cloud radiative forcings and 
radiative heating rates of the CRM simulations. The MOS2, however, is in better agreement with 
the CRM than MOS in these cloud and radiative properties. 
 
5. Summary 
The cloud distribution scheme is separated from the mosaic treatment of cloud-radiation 
interactions to be applied into any other GCM simulations. The separated cloud distribution 
scheme with the radiative transfer calculation is evaluated in terms of total cloud fraction, 
radiative flux and radiative heating rate using the validated original mosaic simulation for the 
ARM 1997 IOP (26 days) over the SGP. It is shown that the cloud distribution scheme with 
radiation calculation reproduces the similar cloud and radiative properties as the original mosaic 
approach does. 
    The cloud distribution scheme with the radiative transfer calculation (MOS) considering 8-
subcells was further evaluated using the year-long CRM simulations. The year-long CRM 
statistics are considered to identify major cloud types and to parameterize the cloud horizontal 
inhomogeneity effects on radiative properties using the reduction factor. Seasonal comparison of 
total cloud fractions between the CRM and MOS indicates that the MOS tends to underestimate 
total cloud fractions due to poor redistribution of Cs in the MOS cloud fields. The maximum-
random overlap assumption could redistribute Cs in CRM to Cc in MOS when Cs clouds are 
dominant in a CRM domain. For more proper evaluation of the cloud distribution scheme using 
the CRM simulations, Cs type is separated into Cs1 and Cs2 in the cloud distribution scheme. 
The separation is based on the cloud frequency distribution as a function of cloud base and top 
height from the year-long CRM simulations. The radiation calculation with cloud distribution 
scheme for the four cloud types (MOS2) reduces the biases of total cloud fractions in MOS for 
four seasons. Since Cs2 is more frequently appear in spring and winter than in summer and fall, 
the representation of total cloud fractions in the MOS2 is much improved in spring and winter. 
    Both the MOS and MOS2 properly reproduce the annual and seasonal means of SW and 
LW radiative fluxes at the TOA and surface. The biases in MOS, however, are greater than those 
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in MOS2. The SW and LW cloud radiative forcings represented by the MOS2 are closer to the 
CRM-simulated values than those by MOS. Summer SW cloud radiative forcings from the MOS 
and MOS2 are relatively smaller than the other seasons due to the dominantly occurring Cs1 (i.e., 
stratiform clouds upper 6 km) by which smaller total cloud fractions of two mosaic approaches 
than CRM are resulted through the maximum-random overlap assumption. The radiative transfer 
calculations with both cloud distribution schemes have small biases (less than 0.1 K day-1) in SW 
and LW radiative heating rates through the atmosphere. The MOS2 has smaller biases in lower 
troposphere than MOS due to the independent consideration of Cs2 (i.e., stratiform clouds below 
6 km) in the MOS2. If there are frequently occurring low-level shallow clouds, Cs2 type should 
be considered as an independent cloud type in the mosaic approach. The both MOS and MOS2 
are in good agreement with the CRM simulations in terms of annual mean radiative heating rate. 
Even though the little underestimation of cloud impact on radiative heating rates, the cloud 
distribution schemes have much smaller biases than simple cloud overlap assumptions. 
The radiative properties from the radiation calculations with cloud distribution schemes are 
in good agreement with those from the CRM during the ARM 1997 IOP and during the year 
2000 over the SGP, which indicates that the cloud distribution scheme is able to properly 
represent the effects of subgrid cloud variability in a GCM grid on radiative properties not only 
for short-term simulations but also for long-term simulations. In order to further investigate how 
the cloud distribution scheme represents subgrid-scale cloud variability and its impacts on 
radiative process in a GCM, the mosaic-implemented GCM simulation will be conducted. 
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CHAPTER 7. GENERAL CONCLUSION 
 
The representation of subgrid cloud variability and its impact on radiation has been a 
challenge in GCM simulations. GCMs predict cloud cover fractions and hydrometeor 
concentrations only in discrete vertical layers where clouds are assumed to be horizontally 
homogeneous in a coarse grid. Clouds within a GCM grid are simulated as a single effective 
volume that impacts radiation using various parameterizations to include the effects of subgrid 
cloud variability on radiative properties. To improve the representation of cloud and radiative 
variability and their interactions within a GCM grid, it is essential to understand subgrid cloud 
structures and their statistics based on long-term cloud and radiation data for various climate 
regions. The ARM observational analysis at the SGP site provides an opportunity to perform 
long-term CRM simulations and to generate long-term cloud and radiative properties. In this 
study, year-long CRM simulations forced with the ARM large-scale forcing and prescribed 
evolving surface albedo were conducted for the year 2000 to document the characteristics of 
cloud horizontal inhomogeneity and vertical overlap and to evaluate and represent their effects 
on the radiative fluxes and heating rates over a GCM grid. 
The year-long cloud and radiative properties produced by the CRM simulations were 
validated against available observations over the ARM SGP. Low-level clouds had the largest 
occurrence frequencies in the CRM, while optically thin high-level cloud was the most frequent 
type in the observations. The CRM represented thick mid-level and stratiform clouds that were in 
agreement with the observations. However, the occurrence frequency of high-level clouds in the 
CRM was much smaller compared to the observations. Both the CRM and observations indicated 
that the height of ice water content maximum in the vertical column decreases as the ice water 
path increases. It was found that the vertical distribution of shortwave and longwave radiative 
heating rates in the troposphere are strongly affected by cloud types that are identified by the 
cloud optical depth and vertical location. Compared to the observational estimates, the CRM-
produced non-precipitating clouds had greater longwave cooling in the upper troposphere due to 
lower altitude of high-level clouds and greater cloud-top cooling from optically thick mid-level 
clouds. 
The physical relationship among surface albedo, cloud and radiation was revealed using the 
CRM simulations with an evolving surface albedo. It was found that clouds absorb more 
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shortwave radiation at the cloud base due to a high surface albedo in winter, which increases 
temperature in the low troposphere. This leaded to weaker instability in the low troposphere, so 
that the amount of low-level clouds was reduced. For a surface albedo greater than 0.35 (critical 
value), the upward shortwave flux at TOA is positively proportional to the surface albedo when 
optically thin clouds exist, and is not much affected by the reflection from cloud top. If optically 
thick clouds occur and the surface albedo is greater than the critical value, the upward shortwave 
flux at the TOA is significantly affected by the reflection from the cloud top, but not much 
affected by the surface albedo. In addition, for a surface albedo larger than the critical value, the 
downward shortwave flux at the surface is primarily influenced by the surface albedo and the 
reflection from the cloud base if optically thick clouds occur. However, the downward shortwave 
flux at the surface is not much affected by the surface albedo when optically thin clouds exist 
because the reflection from the cloud base is weak. When a surface albedo is less than the critical 
value, the relationship among the surface albedo, cloud and radiation is not obvious. 
Subgrid cloud horizontal inhomogeneity and vertical overlap were quantified by analyzing 
the CRM outputs. The analysis of the inhomogeneity parameter (or reduction factor) exhibited 
that inhomogeneous clouds more frequently appear in summer than in winter, because deep 
convective clouds dominate in summer, while stratiform clouds are more frequent in winter. The 
cloud inhomogeneity varies vertically due to the presence of cloud ices. The parameterization of 
the reduction factor in terms of the total cloud fraction derived from the year-long CRM 
simulation captured the dominant impact of cloud inhomogeneity on the shortwave and 
longwave radiative flux and heating rate. Diagnostic radiation calculations with three overlap 
assumptions (i.e., maximum, minimum, and random) demonstrated large discrepancies in the 
total cloud fractions, domain mean shortwave and longwave radiative fluxes, and radiative 
heating rates when compared to the CRM simulations. These results suggest that a physically-
based parameterization is necessary to treat the differences of characteristic structure between 
major cloud types such as convective, anvil and stratiform clouds in order to account the effects 
of subgrid cloud variability on the domain means of radiative properties. 
The original mosaic treatment of cloud-radiation interaction mixed with a GCM radiative 
transfer scheme cannot be easily used for different radiation schemes. A cloud distribution 
scheme was extracted from the mosaic treatment, and evaluated against the original mosaic 
approach and year-long CRM simulations. The radiative transfer calculation with the cloud 
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distribution scheme using the year-long CRM statistics produced grid mean shortwave and 
longwave radiative fluxes and heating rates comparable to the CRM values in seasonal and 
annual means. The cloud distribution scheme can be applied to GCMs for including the effects of 
subgrid cloud variability in their radiative transfer calculations. 
For future work, multi-year CRM simulations will be conducted to investigate not only 
seasonal characteristics of clouds, but also annual characteristics and their interaction with 
radiative properties. The multi-year CRM simulations will give more robust cloud and radiative 
statistics that cannot be obtained from observations and give a benchmark to evaluate large-scale 
model simulations. The cloud distribution scheme improved with multi-year CRM statistics will 
be implemented in a GCM to investigate the effects of subgrid cloud variability on global climate 
simulations. 
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APPENDIX A. TABLES 
 
 
Table 1. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) means and standard deviations 
(SD) of daily net (downward minus upward fluxes) longwave (LW) and shortwave (SW) at the 
top of the atmosphere (TOA) and surface (SFC) from Y1 and observations during the year 2000. 
 
Net 
radiative 
fluxes 
(W m-2) 
TOA 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean Y1 -241.0 -241.2 -255.9 -241.2 -225.1 229.9 282.4 325.4 180.0 127.8 OBS -241.9 -239.0 -262.6 -246.7 -218.6 237.4 276.1 338.9 196.9 133.7 
SD Y1 28.2 27.3 26.0 30.8 18.8 95.5 65.7 34.4 67.5 41.4 OBS 33.1 31.9 29.9 33.8 18.6 97.9 74.8 42.6 70.8 42.7 
Net 
radiative 
fluxes 
(W m-2) 
SFC 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
Y1 -61.9 -65.6 -71.3 -52.0 -58.5 160.2 202.8 229.5 119.8 85.9 
OBS -56.6 -62.7 -60.4 -52.2 -50.7 152.4 180.5 217.6 126.4 82.7 
SD Y1 31.3 27.9 20.3 38.0 33.4 78.0 62.9 37.8 60.3 40.2 OBS 25.3 26.0 17.4 28.5 26.1 74.8 73.0 43.8 55.9 39.4 
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Table 2. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) means and standard deviation 
(SD) of daily LW and SW upward (UP) and downward (DN) radiative fluxes at the TOA and 
SFC from Y1 and observations during the year 2000. 
 
Radiative 
fluxes 
(W m-2) 
TOA 
SW_UP SW_DN 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean Y1 112.1 122.1 132.7 106.4 86.5 342.0 404.4 458.1 286.4 214.3 OBS 106.2 130.7 121.0 90.4 81.8 343.6 406.8 459.9 287.2 215.6 
SD Y1 38.9 39.4 37.3 33.5 28.2 106.6 53.5 25.2 63.2 36.3 OBS 48.3 56.1 48.2 37.7 28.6 107.1 53.6 25.5 63.5 36.7 
Radiative 
fluxes 
(W m-2) 
SFC 
LW_UP LW_DN 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean Y1 391.1 395.7 460.1 385.2 321.0 329.2 330.1 388.7 333.2 262.5 OBS 389.4 393.8 458.2 383.6 319.5 332.8 331.1 397.9 331.4 268.8 
SD Y1 60.9 33.6 22.1 50.8 31.5 57.5 34.3 18.9 48.3 38.0 OBS 60.7 33.4 21.8 50.7 31.1 59.5 38.1 18.6 55.2 32.5 
Radiative 
fluxes 
(W m-2) 
SFC 
SW_UP SW_DN 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean Y1 42.2 46.2 54.5 32.6 35.3 202.4 249.1 284.0 152.4 121.1 OBS 40.5 41.5 53.1 34.5 32.4 192.9 222.0 270.7 160.9 115.2 
SD Y1 18.3 14.5 9.4 20.5 18.1 92.7 76.7 46.7 80.5 44.9 OBS 17.9 16.2 10.6 19.4 16.5 89.9 88.7 54.1 74.9 45.0 
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Table 3. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) means and standard deviation 
(SD) of daily LW and SW cloud radiative forcing (all-sky minus clear-sky radiative fluxes) at the 
TOA and SFC from Y0 and Y1 during the year 2000. 
 
Cloud 
radiative 
forcing 
(W m-2) 
TOA 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
Y0 22.1 26.9 25.9 21.0 14.2 -41.8 -46.0 -46.9 -45.0 -29.1 
Y1 22.0 27.0 25.6 20.5 14.6 -37.5 -41.6 -43.6 -42.5 -21.7 
SD Y0 20.0 20.4 20.6 19.8 16.6 38.4 44.3 37.2 39.0 28.8 
Y1 20.1 20.7 20.4 19.7 17.4 36.3 40.1 36.6 37.4 24.7 
Cloud 
radiative 
forcing 
(W m-2) 
SFC 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
Y0 25.0 19.6 14.8 28.9 37.3 -43.7 -48.7 -48.3 -46.7 -30.8 
Y1 24.8 19.5 14.6 28.7 23.9 -39.1 -43.8 -44.8 -44.1 -23.3 
SD Y0 21.0 18.2 9.7 22.3 37.0 42.0 49.4 40.4 42.1 31.7 Y1 21.0 18.0 9.7 22.3 24.0 39.5 44.6 39.9 40.3 27.2 
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Table 4. Cloud classification of all CRM clouds based on cloud top and base heights and cloud 
optical depth. The number of cases for thin mid and thick high clouds is 531 and 200, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
Total cases: 3,485,542 
 
  
Type Definition % 
Low top < 3 km, τ > 0 29.1 
Deep low Base < 3 km, top > 6.5 km, τ > 10 6.5 
Thin mid Base > 3 km, top < 6.5 km, τ < 10 0.0 
Thick mid 3 km < base < 6.5 km, top > 3 km, τ >10 29.0 
Thin high Base > 6.5 km, τ < 5 8.6 
Thick high Base > 6.5 km, τ >10 0.0 
High low low clouds with high clouds, all τ 2.1 
Others no specification as to type 24.7 
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Table 5. Cloud radiative forcing from the CRM at TOA, through atmosphere (ATM) and at the 
surface (SFC) as a function of cloud type. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Cloud radiative 
forcing (W m-2) SW  LW Net 
  Low clouds   
TOA -106.9  +12.8 -94.1 
ATM +9.9  -44.9 -35.0 
SFC -116.8  +57.7 -59.1 
  Deep low   
TOA -106.0  +71.6 -34.4 
ATM +11.0  -9.6 +1.4 
SFC -117.0  +81.2 -35.8 
  Thin mid   
TOA -17.4  +17.5 +0.1 
ATM -1.3  -0.1 -1.4 
SFC -16.1  +17.6 +1.5 
  Thick mid   
TOA -154.2  +106.4 -47.8 
ATM +11.0  +57.3 +68.3 
SFC -165.2  +49.1 -116.1 
  Thin high   
TOA -9.9  +18.9 +9.0 
ATM -2.2  +15.1 +12.9 
SFC -7.7  +3.8 -3.9 
  Thick high   
TOA -15.8  +167.1 +151.3 
ATM +0.7  +135.4 +136.1 
SFC -16.5  +31.7 +15.2 
  Low-high   
TOA -98.5  +27.4 -71.1 
ATM +7.4  -27.1 -19.7 
SFC -105.9  +54.5 -51.4 
  All overcast   
TOA -53.7  +37.0 -16.7 
ATM +2.1  +5.3 +7.4 
SFC -55.8  +31.7 -24.1 
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Table 6. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) mean of total cloud fractions 
from the CRM, minimum (MIN), maximum (MAX) and random (RAN) overlap assumptions. 
 
Total 
cloud 
fraction 
ANN MAM JJA SON DJF 
CRM 0.50 0.45 0.43 0.53 0.58 
MIN 0.68 0.70 0.65 0.67 0.70 
MAX 0.42 0.37 0.33 0.31 0.54 
RAN 0.63 0.64 0.59 0.63 0.67 
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Table 7. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) root-mean-squared error 
(RMSE) of upward shortwave (SWUP) and outgoing longwave radiation (OLR) at the top of the 
atmosphere (TOA) between the D1 and diagnostic calculations with three overlap assumptions 
(MIN, MAX and RAN). 
 
RMSE 
with 
D1 
(W m-2) 
SWUP_TOA OLR_TOA 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
MIN 16.6 19.9 24.2 10.1 3.3 13.2 17.3 15.4 9.7 7.5 
MAX 10.4 10.0 15.3 9.4 1.8 3.3 3.5 4.8 3.0 0.9 
RAN 11.8 15.1 16.4 6.9 2.6 10.0 13.6 11.3 7.3 6.0 
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Table 8. 26 day-averaged net radiative LW and SW fluxes at the TOA and SFC from the original 
and modified (separated) mosaic approaches during ARM 1997 IOP over the SGP. 
 
 
 
 
 
 
 
 
  
Net radiative 
fluxes  
(W m-2) 
TOA SFC 
LW SW LW SW 
Original -265.7 358.9 -65.1 256.6 
Modified -266.6 359.4 -65.9 257.0 
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Table 9. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) means and standard deviation 
(SD) of daily SW upward (UP) and LW UP radiative fluxes at the TOA and SW UP, SW 
downward (DN) and LW DN radiative fluxes at the SFC from the CRM, MOS and MOS2 during 
the year 2000. 
 
  
Radiative 
fluxes 
(W m-2) 
TOA 
SW_UP LW_UP 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
CRM 112.1 122.1 132.7 106.4 86.5 241.0 241.2 255.9 241.2 225.1 
MOS 110.0 122.7 126.9 103.7 86.0 243.3 243.0 259.8 243.9 226.2 
MOS2 111.2 124.8 128.6 104.5 86.1 242.5 241.5 258.8 243.2 225.5 
SD 
CRM 38.9 39.4 37.3 33.5 28.2 28.2 27.3 26.0 30.8 18.8 
MOS 40.0 43.0 39.2 33.5 29.0 29.3 28.4 26.7 31.2 19.8 
MOS2 41.5 45.0 41.5 34.1 29.0 29.9 29.6 27.6 31.7 20.0 
Radiative 
fluxes 
(W m-2) 
SFC 
SW_UP SW_DN 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
CRM 42.2 46.2 54.5 32.6 35.3 202.4 249.1 284.0 152.4 121.1 
MOS 42.7 46.0 55.9 33.2 35.5 204.9 247.7 291.4 155.8 121.8 
MOS2 42.4 45.5 55.5 33.0 35.4 203.4 245.0 289.1 154.9 121.5 
SD 
CRM 18.3 14.5 9.4 20.5 18.1 92.7 76.7 46.7 80.5 44.9 
MOS 18.8 15.2 9.9 20.6 18.4 95.1 81.0 49.8 80.7 45.7 
MOS2 18.9 15.7 10.5 20.6 18.5 95.5 83.3 52.6 81.4 45.7 
Radiative 
fluxes 
(W m-2) 
SFC 
LW_DN 
ANN MAM JJA SON DJF 
Mean 
CRM 329.2 330.1 388.7 333.2 262.5 
MOS 325.9 326.7 385.6 328.9 260.4 
MOS2 326.4 327.5 386.1 329.1 260.6 
SD 
CRM 57.5 34.3 18.9 48.3 38.0 
MOS 56.8 33.9 18.4 47.0 37.6 
MOS2 57.0 34.2 18.6 47.1 37.7 
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Table 10. Annual (ANN) and seasonal (MAM, JJA, SON and DJF) means and standard 
deviation (SD) of daily LW and SW cloud radiative forcing (all-sky minus clear-sky radiative 
fluxes) at the TOA and surface (SFC) from CRM, MOS and MOS2 during the year 2000. 
 
Cloud radiative 
forcing 
(W m-2) 
TOA 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
CRM 21.0 25.8 24.7 19.5 13.7 -37.0 -41.1 -43.2 -42.1 -21.3 
MOS 16.7 21.3 18.6 15.2 11.7 -30.4 -36.1 -32.0 -34.5 -18.5 
MOS2 17.6 22.8 19.6 15.8 12.0 -31.6 -38.3 -33.7 -35.2 -18.7 
SD 
CRM 19.9 20.4 20.2 19.4 17.3 36.3 40.1 36.6 37.5 24.9 
MOS 17.7 18.6 17.9 17.0 16.2 32.2 37.4 32.2 32.3 22.1 
MOS2 18.7 20.1 18.8 17.6 16.6 33.6 39.4 34.2 33.0 22.2 
Cloud radiative 
forcing 
(W m-2) 
SFC 
LW SW 
ANN MAM JJA SON DJF ANN MAM JJA SON DJF 
Mean 
CRM 24.5 19.1 14.4 28.3 36.5 -38.7 -43.3 -44.4 -43.8 -22.9 
MOS 18.7 14.3 9.2 21.6 30.3 -31.7 -38.2 -32.6 -35.8 -19.8 
MOS2 19.2 15.1 9.6 21.9 30.6 -32.9 -40.5 -34.4 -36.5 -20.0 
SD 
CRM 21.0 18.0 9.7 22.3 24.2 39.5 44.6 39.8 40.4 27.4 
MOS 17.9 14.7 7.3 18.5 20.9 35.2 41.8 34.9 34.8 24.3 
MOS2 18.0 15.0 7.6 18.5 20.9 36.6 43.8 37.2 35.4 24.4 
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APPENDIX B. FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Year-long (January 3 to December 31, 2000) evolution of vertically integrated daily 
temperature and moisture forcing over the ARM SGP. 
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Figure 2. Vertical profiles of temperature and moisture forcing over the ARM SGP for four 
seasons (MAM, JJA, SON and DJF) during year 2000. 
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Figure 3. Vertical profiles of zonal and meridional wind over the ARM SGP for four seasons 
during year 2000. 
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Figure 4. Year-long evolution of daily surface (a) sensible and (b) latent heat fluxes over the 
ARM SGP. 
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Figure 5. Seasonal mean diurnal variation of surface albedo from Y0 and Y1. The vertical solid 
bars indicate standard deviations from observations. 
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Figure 6. Year-long and diurnal variation of upward shortwave flux (SWUP) at the surface (SFC) 
from Y0 and Y1 (upper panels) based on hourly data, and the same variation of their 
discrepancies from observations (below panels). 
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Figure 7. Seasonal and diurnal variations of liquid water path (LWP) and ice water path (IWP) 
from Y0 and Y1, and the differences between the two simulations. 
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Figure 7. Continued. 
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Figure 8. Radiative and cloud property snapshot for three days (January 27–29, 2000) based on 
hourly data including SW and LW fluxes at the top of the TOA and SFC for downward (DN) and 
upward (UP) fluxes (a, b, c, d, e, f and g), LWP (h), IWP (i) and surface albedo (j) from Y0 and 
Y1. 
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Figure 9. Vertical profiles of potential temperature differences (a) and lapse rate differences (b) 
between Y0 and Y1 at 12, 16 and 21 UTC on January 27, 2000. 
 
 
  
96 
  
 
 
Figure 10. Vertical profiles of domain-averaged cloud liquid and ice water mixing ratio from Y0 
and Y1 (left panels), and vertical profiles of radiative heating rate differences between Y0 and 
Y1 (right panels) at 16 (a) and 21 UTC (b). 
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Figure 11. Relationship among normalized upward shortwave (SWUP) flux at the TOA, surface 
albedo and CWP (i.e., LWP+IWP) (left), and the relationship with total cloud fraction (right) 
based on daily averaged values for the year 2000. 
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Figure 12. Scatter diagrams of normalized upward shortwave (SWUP) flux at the TOA versus 
surface albedo for all LWP ranges (a), below 50 g m-2 (b), and above 50 g m-2 (c) when solar 
zenith angle (SZA) is between 60° and 70°. 
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Figure 13. The distributions of the linear least-square-fit regression lines for the relationship 
between normalized upward shortwave (SWUP) flux at the TOA and surface albedo for small 
LWP (a), large LWP (b), small IWP (c), and large IWP (d) cases with each SZA range. There are 
two regression lines for each SZA range; one is for albedos smaller than 0.35 and the other is 
greater than 0.35. 
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Figure 14. Scatter diagrams of normalized downward shortwave flux (SWDN) at the SFC versus 
surface albedo for each SZA range. Solid lines are linear least-square-fit regression lines 
considering the surface albedos greater than 0.35. 
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Figure 15. Scatter diagrams of surface albedo versus the cosine of SZA for each season from Y1. 
Numbers for each season indicate the slope of linear least-square-fit regression. 
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Figure 16. Normalized slopes as a function of SZA for upward shortwave flux at the TOA with 
optically thin clouds (LWP < 50 g m-2) (a), downward shortwave flux at the SFC with optically 
thick clouds (CWP ≥ 180 g m-2) (b), and upward shortwave flux at the surface with all clouds 
(c). 
 
 
 
103 
  
 
 
 
Figure 17. Seasonal variation of the cloud frequency distributions as a function of the base and 
top heights from the CRM. 
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Figure 18. The non-precipitating cloud frequency distributions as a function of the base and top 
heights from the CRM and CPC during the year 2000. 
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Figure 19. Frequency distributions of all clouds as a function of month (upper panel) and diurnal 
variations of frequency distributions for four seasons (lower panel). 
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Figure 20. Frequency distributions of all overcast clouds without precipitation from the CRM 
and CPC as a function of month (upper panel) and diurnal variations of frequency distributions 
for four seasons (lower panel). 
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Figure 21. Frequency distributions of thick mid, low, thin high, and deep low clouds as a 
function of month. 
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Figure 22. Frequency distributions of each cloud type from the CRM and CPC as a function of 
month. 
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Figure 23. Diurnal variations of occurrence frequency distributions of thick mid, low, thin high, 
and deep low clouds for four seasons.
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Figure 24. Diurnal variations of occurrence frequency distributions of each cloud type from the 
CRM and CPC for four seasons. 
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Figure 25. Frequency distributions of all clouds and deep low clouds as a function of month for 
precipitating condition. 
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Figure 26. Monthly averaged LWP and IWP (upper panel) from the CRM and mean diurnal 
variations of LWP and IWP for four seasons (lower panel). 
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Figure 27. Mean LWC and profiles for each bin of vertically integrated LWP from the CRM, 
CPC, and MICROBASE. The bin sizes are 1, 10, and 100 g m-2 for three categories of LWP (i.e., 
small size of 1-10 g m-2, medium size of 10-100 g m-2, and large size of 100-1000 g m-2, 
respectively). 
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Figure 28. Mean IWC and profiles for each bin of vertically integrated IWP from the CRM, CPC, 
and MICROBASE. The bin sizes are 1, 10, and 100 g m-2 for three categories of IWP (i.e., small 
size of 1-10 g m-2, medium size of 10-100 g m-2, and large size of 100-1000 g m-2, respectively). 
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Figure 29. Frequency histograms of cloud LWP and IWP for each cloud type. The bin sizes are 1, 
10, and 100 g m-2 for three categories (i.e., small size of 1-10 g m-2, medium size of 10-100 g m-2, 
and large size of 100-1000 g m-2, respectively). 
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Figure 30. Frequency histograms of cloud LWP and IWP for each cloud type without 
precipitation from the CRM and CPC. The bin sizes are 10 and 100 g m-2 for two categories (i.e., 
medium size of 10-100 g m-2 and large size of 100-1000 g m-2, respectively). 
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Figure 31. Frequency histograms of cloud LWP and IWP for all clouds and deep low clouds for 
precipitating condition. The bin sizes are 1, 10, and 100 g m-2 for three categories (i.e., small size 
of 1-10 g m-2, medium size of 10-100 g m-2, and large size of 100-1000 g m-2, respectively). 
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Figure 32. Diurnal variation of cloud optical depth calculated form the CRM for four seasons. 
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Figure 33. Frequency histograms of daytime cloud optical depth from the CRM and MFRSR for 
four seasons based on hourly mean values. The bin sizes are 0.1, 1, and 10 for three categories 
(i.e., small size of 0.1-1, medium size of 1-10, and large size of 10-100, respectively). The first 
and second numbers in the parentheses indicate samples from the CRM and MFRSR, 
respectively. 
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Figure 34. Frequency histograms of daytime cloud optical depth from the CRM for the entire 
domain, 1/2 domain, 1/4 domain, 1/8 domain, and 2 points in the CRM domain based on hourly 
mean values. The bin sizes are 0.1, 1, and 10 for three categories (i.e., small size of 0.1-1, 
medium size of 1-10, and large size of 10-100, respectively). The numbers in the parentheses 
indicate samples. 
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Figure 35. Mean vertical profiles of radiative heating rates of cloud-sky (all-sky minus clear-sky) 
for each cloud type from the CRM. 
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Figure 36. Mean vertical profiles of shortwave (SW), longwave (LW) and total cloudy radiative 
heating rates from the CRM and CPC for each cloud type without precipitation cases. 
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Figure 36. Continued. 
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Figure 37. Mean vertical profiles of radiative heating rates of cloud-sky (all-sky minus clear-sky) 
for all clouds and deep low clouds for precipitating condition. 
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Figure 38. An example of horizontally inhomogeneous clouds and cloud fraction profile in the 
CRM domain, and the same cloud field without inhomogeneity in the D1 calculation. 
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Figure 39. Seasonal variation of frequency histograms for cloud inhomogeneity parameters ( χ ). 
The numbers for each season indicate mean values of the parameter. 
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Figure 40. Seasonal mean profiles of cloud inhomogeneity parameters ( χ ). The horizontal lines 
represent standard deviations for each level. 
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Figure 41. Seasonal mean profiles of cloud inhomogeneity parameter ( χ ) for liquid water path 
(LWP). The horizontal solid lines indicate standard deviations for each level. 
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Figure 42. Seasonal mean profiles of cloud inhomogeneity parameter ( χ ) for ice water path 
(IWP). The horizontal solid lines indicate standard deviations for each level. 
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Figure 43. Seasonal scatter diagrams of CRM vs a diagnostic radiation calculation with 
homogeneous clouds (D1) for upward shortwave fluex (SWUP) at the TOA. 
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Figure 44. Seasonal scatter diagrams of CRM vs a diagnostic radiation calculation with 
homogeneous clouds (D1) for outgoing longwave radiation (OLR) at the TOA. 
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 0.792 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 45. The CRM generated scatter distribution of total cloud fraction versus inhomogeneity 
parameter χ  based on all 15-minute samples for the year 2000. The curve is the least square fit 
for the parameterization of their relationship. 
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Figure 46. Seasonal scatter diagrams of CRM vs a diagnostic radiation calculation with the 
parameterized reduction factor (D2) for SWUP at the TOA. 
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Figure 47. Seasonal scatter diagrams of CRM vs a diagnostic radiation calculation with the 
parameterized reduction factor (D2) for OLR at the TOA. 
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Figure 48. Seasonal mean profiles of shortwave, longwave and total cloud radiative heating rate 
differences between the CRM and each diagnostic radiation calculation (D1 and D2). 
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Figure 49. Scatter diagrams of total cloud fraction from the CRM versus that from the each 
overlap assumption (minimum, maximum and random) based on daily mean for the four seasons. 
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Figure 50. Schematic diagrams of cloud overlap in the CRM (or D1) and redistributed cloud 
fields by the three cloud overlap assumptions (maximum, minimum and random). 
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Figure 51. Seasonal mean profiles of shortwave, longwave and total cloud radiative heating rate 
differences between the D1 and diagnostic calculations (i.e., MAX, MIN and RAN). 
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Figure 52. Scatter diagrams of total cloud fraction based on 15-min values between the CRM 
and two mosaic approaches: one is the original (Liang and Wu, 2005) and the other is modified 
(separated) one. 
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Figure 53. Mean radiative heating rate profiles of SW, LW and total from the original and 
modified (separated) mosaic approaches during the 1997 ARM IOP (26 days) over the SGP. 
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Figure 54. CRM simulated cloud frequency (10-2 %) distribution as a function of cloud base and 
top heights during the year 2000. 
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Figure 55. Seasonal scatter diagrams of total cloud fraction between the CRM and MOS based 
on 15-min samples. 
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Figure 56. Seasonal scatter diagrams of total cloud fraction between the CRM and MOS2 with 
the separation of Cs into Cs1 and Cs2 based on 15-min samples. 
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Figure 57. Seasonal mean vertical profiles of cloud radiative heating rates (SW, LW and Total) 
for MOS-CRM and MOS2-CRM. MOS means MOS-CRM, and MOS2 means MOS2-CRM. 
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Figure 58. Annual mean vertical profiles of radiative heating rates (SW, LW and Total) from the 
CRM, MOS and MOS2 for the year 2000 (a), and the annual mean profiles of MOS-CRM and 
MOS2-CRM (b). For panel (b), MOS means MOS-CRM, and MOS2 means MOS2-CRM. 
 
 
